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ABSTRACT
Arrays of microcavity and microchannel plasmas with characteristic dimen-
sions of 25 µm–800 µm have been generated in glass substrates. To repro-
ducibly fabricate the arrays, glass micromaching using replica molding and
micropowder blasting was proposed and demonstrated. The microplasmas
were optically and electrically probed in this work. The investigation showed
that each plasma is physically separated and yet, under the proper condi-
tions, is optically and/or electrically coupled to its neighbors. In arrays as
large as 10 parallel microchannel plasmas, evidence of optical coupling among
the channels is observed in the form of strongly enhanced atomic emission
which is attributed to electron heating driven by the resonant absorption
of scattered radiation. The transition from Townsend-like discharges to ab-
normal glow-like discharges was observed in arrays of microcavity plasma
devices. During the transition, bistable oscillations of visible emission were
observed in microcavity plasma devices operating in Ne at pressures of 200–
700 Torr. In this situation, the time-varying distribution of charge deposited
on a dielectric layer in a dielectric barrier device structure appears to be
responsible for the oscillations and coupling. It was also observed, in arrays
of microcavity plasma devices with a gap, that free microdischarges interact
with bounded microdischarges over a distance of .500 µm.
In addition, this work explored and demonstrated the possibility of us-
ing microchannel plasma devices as antennas. The measured transmission
of RF signals and theoretical predictions of the plasma conductivity show
that metal antennas can be replaced by microchannel plasmas. The simu-
lated results also suggest that MHz domain frequency is required to drive
microchannel plasma antennas in a quasi-continuous mode. Operation of
microplasma channels as receiving antennas was also observed in a planar
microstrip configuration.
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If the LORD delights in a man’s way, he makes his steps firm.
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CHAPTER 1
INTRODUCTION
In the last several decades, engineering and physics have progressed rapidly
toward nanotechnology and nanoscience, as Richard Feynman envisioned in
his lecture, “There’s Plenty of Room at the Bottom” [1]. The advancement
of research from the macro- to the nano-scale has led to the discovery of novel
functional materials such as graphene [2] and phenomena such as quantum
jumps of single molecules at room temperature [3]. The significant amount
of research in microcavity plasmas (or microplasmas) over the last 15 years
can be understood in a similar context.
Microcavity plasmas (or microplasmas) are defined as plasmas spatially
confined in cavities having characteristic dimensions of 1 µm–1 mm. The de-
velopment of semiconductor and microelectromechanical systems (MEMS)
fabrication techniques has stimulated this field, and as a result, the spa-
tial scale of the plasmas has moved into the domain below 10 µm [4]. As
the characteristic dimensions of plasmas have descreased from the macro-
to the micro-scale, several unexpected and attractive properties have been
observed, including operating pressures beyond one atmosphere and power
loadings higher than hundreds of kW/cm3. Interesting phenomena such as
the breakdown of charge neutrality have also been investigated [5]. This is
surprising, considering that a plasma has traditionally been defined as an
ionized gas which is quasi-neutral.
In addition to the characterization of beneficial aspects of microplasmas,
a variety of new applications which were not possible with macroplasmas
are being investigated [6, 7]. Plasma channels provide a diffuse medium of
controllable conductivity, offering properties with respect to power deposi-
tion and transparency at short wavelengths (vacuum ultraviolet and beyond)
that are essential for nonlinear optics in intense radiation fields, and plasma
processing under nonequilibrium conditions. Typically formed by the guid-
ance of a laser pulse in gas-filled capillary tubing, filamentation in air, or
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focusing with conventional optics, plasma channels reported previously have
been restricted in geometry and the characteristics of the plasma [8, 9, 10].
Potential applications of low temperature plasma channels in realizing an-
tennas, chemical synthesis [11] and molecular fragmentation also suggest the
desirability of developing parallel processing architectures.
The work in this disseration is based on the demonstration of a glass mi-
crofabrication technique by replica molding and micropowder blasting. Glass
is a very promising platform for arrays of microplasma devices because it is
optically transparent, chemically resistant, strong against sputtering in plas-
mas and scalable up to at least ∼100 inches (along the diagonal). It also
has a dielectric strength of ∼9.8–13.8 MV/m. The versatility of glass, how-
ever, is limited by its inert nature. By applying a replication process for
the production of a high-resolution mask, low-cost glass micromachining is
demonstrated in this work. Through this glass fabrication technique, the
generation of low temperature, nonequilibrium microplasmas in linear arrays
of 25–200 µm wide channels in glass is reported. Axially uniform glows,
produced in rare gases or air at pressures of 200–760 Torr, are confined in
channels 2.5 cm in length with cross-sectional areas as small as 250 µm2.
The maximum length of 7.5 cm for a 200 µm wide channel has also been
demonstrated. Arrays of microplasmas have also been generated in circu-
lar or ellipsoidal microcavities with characteristic dimensions of 50–800 µm
and stable operation in several gases or gas mixtures has been confirmed.
To date, arrays having active surface areas as large as ∼60 cm2 have been
demonstrated. These microcavity and microchannel plasmas have been elec-
trically and optically probed so as to elucidate the operation in this spatial
domain.
The optical probing of arrays of glass microplasmas reveals that rare gas
plasmas, spatially confined in at least two dimensions, couple optically when
sited sufficiently close to one another. Scattered atomic radiation, transmit-
ted by the array substrate, provides coupling between each microplasma and
its nearest neighbors [12]. The spatially-resolved profiles of visible emission
of microchannel plasmas are broadened and intensified when they are arrayed
in glass. Varying the pitch of arrays and these operating frequencies, it is
also demonstrated that an optogalvanic effect is responsible for the coupling
phenomena. The spatial broadening and intensification of the visible emis-
sion of linear arrays of microchannel plasmas are caused by the radiation
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from the adjacent channel and the optogalvanic effects. Optimization of this
mechanism for coupling between microplasmas has significant implications
for microlasers and on-chip plasma processing, and provides the opportunity
to optically modulate the local electric field strength in large arrays.
In addition, arrays of microcavity plasmas with a micron-scale gap are elec-
trically modeled. The analysis leads to the first investigation of the transition
from a Townsend-like to an abnormal glow-like discharge in microplasmas.
In the course of observing these plasmas by optical microscopy, bistable os-
cillations of the visible intensity are observed. The oscillation is random in
time but appears to be closely related to its neighboring microcavity plas-
mas owing to charge imbalance. It is also intriguing that microdischarges in
a gap can be bounded by a microcavity itself or a microcavity plasma. The
bounded microdischarges interact with free microdischarges when they are
in proximity to one another. The interaction appears to be attributable to
space charge near the dielectric layer and/or geometrical effects of microcav-
ities.
Finally, one of the highlights of this work is the observation that arrays
of microchannel plasma devices appear to be attractive as on-chip receiving
antennas. This study is a proof-of-concept to replace metal patches of mi-
crostrip antennas with arrays of microchannel plasmas. Both experiments
and theoretical predictions indicate the potential of microchannel plasmas as
radiating or receiving elements in the HF and microwave regions. These re-
sults are preliminary, but arrays of microchannel plasma devices could open
a new door to invisible antennas in the near future.
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CHAPTER 2
LOW TEMPERATURE PLASMA
FUNDAMENTALS
2.1 Basic Phenomena in Plasmas
A plasma is a collection of free charged and neutral particles moving with
random directions and it is electrically neutral. The temporal variation of
the charge density and its spatial distribution, in tandem with any external
fields, determines the strength and spatial variation of the electric field. This
physical situation sets the stage for novel phenomena which are not possible
in other states of matter. Having electrons with high mobility, plasma is
an electrical as well as a thermal conductor and emits and absorbs optical
radiation.
2.1.1 Electron Oscillations
One of the fundamental properties of plasmas is that under equilibrium con-
dition, they are quasi–neutral. This means that the plasmas are electrictri-
cally neutral on a macroscopic scale. Perturbations to charge neutrality in
plasmas lead to an imbalance of charge. The charge imbalance will cause a
Coulombic force which restores charge neutrality. Consider a small sphere in
a plasma and let us regard the excess of negative charge introduced onto the
sphere as a perturbation. Electrons on the sphere will experience a repulsive
force which forces the electrons to leave the surface. More electrons than
those needed to maintain charge neutrality will leave the region of interest
because of the repulsive interaction. This charge imbalance draws electrons
onto the sphere and charge neutrality is restored.
The behavior of these oscillations in a low temperature, non–magnetized
plasma will now be discussed. Such plasmas are typical of the type discussed
in this thesis. The thermal motion of particles and pressure gradients can be
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neglected in this model of plasmas. The perturbation of the electron density
within a sphere can be given by
ne(r, t) = n0 + n
′
e(r, t) (2.1)
where ne is the electron density, r is the position vector, t is time and n0
is the average electron density. The perturbation to the electron density is
represented by n
′
e.
It is assumed that the electric field E(r, t) and the average velocity of
the electrons of ue(r, t) are first–order perturbations under the given charge
perturbations. The continuity and momentum equations are
∂n
′
e(r, t)
∂t
+ n0∇ · ue(r, t) = 0 (2.2)
∂ue(r, t)
∂t
= − e
me
E(r, t) (2.3)
where collisional momentum loss is presumed to be negligible in Equation 2.3.
If the plasma was electrically neutral before it was perturbed, then the
charge density (ρ) after the perturbation is related to the number of excess
electrons by the expression
ρ(r, t) = −en′e(r, t) . (2.4)
By integrating Equations 2.1–2.4 so as to yield Gauss’s law, the differential
equation describing the harmonic motion of electrons in a plasma is obtained:
∂2n
′
e(r, t)
∂2t
+ (2pifp)
2 · n′e(r, t) = 0 (2.5)
where the plasma frequency ωp is given by
ωp = 2pifp =
√
n0e2
me0
≈ 9000√ne (2.6)
where me is the mass of an electron, 0 is the permittivity of free space, n0 is
the average density of electrons, e is charge on an electron and fp is expressed
in Hz.
Equation 2.5 describes the time harmonic oscillation of the perturbation.
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The perturbation function can be separated into terms dependent solely on
space or time:
n
′
e(r, e) = n
′
e(r)exp(−j2pifpt) . (2.7)
By employing the assumption that all first order quantities are time har-
monic, the expression above can be simplified as
n
′
e(r) = − n0∇ · ue , (2.8)
where ue(r) = − je
ωme
E(r) . (2.9)
The phase of these quantities does not change in time and this means that
the oscillation is stationary. The velocity of the electron(s) represented by
Equation 2.3 has the same direction as that of the electric field so that this
oscillation is longitudinal. Lastly, this plasma is electrostatic [13].
2.1.2 Wave Propagation in Plasmas
The conductivity and wavevector of plasmas are briefly reviewed here in
order to better understand the interaction mechanisms between plasmas and
electromagnetic waves.
Microplasmas are generally weakly ionized plasmas with a low temperature
in which electron-neutral collisions dominate. The Lorentz gas model can be
used to derive the mathematical expression of conductivity and wavevector
of plasmas [14]. Specifically, the application of Newton’s law to describe
the forces exerted on electrons and the collisional loss of the momentum of
electrons yields the Langevin equation. For non-magnetized plasmas (B =
0), the Langevin equation is written as follows:
d(meue)
dt
= −eE−meueνm (2.10)
where νm and ue are the collisional frequency for momentum transfer and
the average velocity of the electrons, respectively. The constant me denotes
the mass of an electron, and νm is the collision frequency for the transfer of
momentum in e−-neutral collisions.
It is assumed that the electric field is oscillating at a frequency of f0 and can
be written as E(r, t)=E0(r) · ej2pif0t. Thus, the average velocity of electrons
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is given by
ue = − eE
me(νm + jf0)
. (2.11)
Thus, from this velocity, the complex conductivity and relative dielectric
constant of plasmas are obtained as follows:
σp =
nee
2
m(νm + jf0)
, (2.12)
p = 1−
f 2p/f
2
0
1− jνm/f0 (2.13)
where σp is the plasma conductivity, p is the relative dielectric constant of
the plasma, fp represents the plasma frequency and f0 is the frequency of
an oscillating electric field. The conductivity of plasmas also simplifies to
nee
2/meνm when νm  f0 .
Plasmas are assumed to be homogeneous and the wave vector kp in plasmas
is derived from the complex dielectric constant. The derivation is as follows:
kp = 2pif0
√
µ0p
= kr − j · ki
= k0(r
1/4cos(φ/2) + j · r1/4sin(φ/2))
(2.14)
where kr is the real part of kp, ki is the negative of the imaginary part of kp,
and k0, r and φ are defined as:
k0 = 2pif0
√
µ00 , (2.15)
r =
ν2m · f 20 + (f 20 − f 2p )2
f 20 (ν
2
m + f
2
p )
, (2.16)
φ/2 = tan−1
[
− νm · f
2
p
f0(f 20 + ν
2
m − f 2p )
]
, Re(p > 0) . (2.17)
Note that ki must be positive to be physically acceptable because a posi-
tive value for ki predicts the absorption of electromagnetic waves by plasmas
rather than gain. A more detailed derivation of Equations 2.14–2.17 is pro-
vided in Appendix A.
The dependence of the absorption coefficient of electromagnetic waves
on the frequency of the waves in plasmas is illustrated in Figure 2.1 for two
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Figure 2.1: Dependence of plasma absorption coefficient on an oscillating
frequency of electromagnetic waves (f0) for different pressures of Ne 1 Torr
and 100 Torr.
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different pressures in Ne: 1 Torr and 100 Torr. Collisional frequencies for mo-
mentum transfer in plasmas were estimated by assuming νm ≈ p(Torr) · 109
sec−1 [15]. Thus, pressures of 1 Torr and 100 Torr of neon correspond to col-
lision frequencies of 1 GHz and 100 GHz, repspectively. A plasma frequency
of 50 GHz (when corresponds to ne ' 3.1×1013 cm−3) was assumed for these
calculations and incident wave frequencies up to the plasma frequency were
considered. The attenuation of an electromagnetic wave mainly relies on
ki. The plots have one local maximum near the collision frequency for each
pressure and the absorption coefficient increases up to the local maximum.
Note that the collisional loss increases with increasing frequency, in general.
When the incoming electromagnetic wave frequency is higher than the col-
lision frequency, the effective collision rate and the collision losses decrease,
resulting in a decrease of the absorption coefficient. In 1 Torr of Ne, a local
minimum is present near the plasma frequency of 50 GHz and the absorp-
tion abruptly increases. This is because of the enhanced energy transfer from
electromagnetic waves to electrons oscillating near the plasma frequency.
2.1.3 Plasma Sheath
The plasma sheath is a non–neutral region located between a bulk plasma
and a surface. It should be emphasized that, in this region, electrical neu-
trality is not valid. The structure of the sheath and the potential distribution
near the sheath are illustrated in Figure 2.2 [16].
Upon applying a potential (ΦS) to the electrodes of a discharge device,
positive ions accumulate near the cathode and electrons are repelled. Owing
to the positive space charge near the cathode, a sheath region is formed in
which the electron density is much lower than the ion density. The sheath
will be generated even when the electrode is grounded. Because the thermal
velocity of electrons is at least 100 times that of ions, the fast electrons may
adsorb on the surface or leave the region near the surface before the positive
ions can react. Most of the positive ions, however, remain and the region
near the zero potential surface can be occupied by positive space charges.
This sheath region is critical to sustaining and understanding glow dis-
charges. One characteristic of the sheath is the presence of a large electric
field that is caused by positive space charges. This field accelerates ions to-
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ward the cathode and electrons toward the bulk plasma. The accelerated
heavy ions approach the surface, thereby generating a deep potential well on
the scale of a Bohr radius. The positive ions can recombine with electrons
in the conduction band of the surface, which can lead to secondary electron
emission. Secondary electrons are accelerated toward the plasma by the elec-
tric field of the sheath. These energetic electrons transfer energy to the bulk
plasma and play a critical role in maintaining the electron production range
necessary for sustenance of the plasma. To derive a mathematical description
Figure 2.2: Qualitative description of the sheath, presheath and the bulk
plasma, where ne is the density of electrons, ni is the density of ions, Φp is
the potential as a plasma, Φs is the potential at the surface, Φ(x) is the
potential at the function of position (x) and λsheath is the sheath width [16].
of the sheath, a collisionless DC sheath is considered here. The integration
of Poisson’s equation, the equation describing energy conservation for the
ion, and the Boltzmann distribution for electrons, describes the potential
(Φ) near the sheath as follows:
d2Φ
dx2
=
ens
0
[
exp
Φ
Te
−
(
1− eΦ
Eis
)−1/2]
(2.18)
where ns is a plasma density at the sheath, Te is the electron temperature, 
is the permittivity of free space, and Eis (1/2Mu
2
is) is the initial energy of an
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ion entering the sheath. The quantities of M and uis are the corresponding
mass and velocity for the ions.
A Taylor expansion of Equation 2.18 yields the simplified expression
d2Φ
dx2
=
2ens
0
[
Te · exp
(
eΦ
Te
)
− Te + 2Eis
(
1− eΦ
Eis
)1/2
− 2Eis
]
. (2.19)
Equation 2.19 is only physically meaningful when the initial velocity of an ion
is above a threshold value. This minimum velocity, known as Bohm velocity,
is given by
uB =
√
Te
M
. (2.20)
In addition to the sheath region near the wall, a presheath region exists
between a sheath and the bulk plasma that provides energy to ions so that
they may enter the sheath region. The presheath region is a quasi-neutral
with a low electric field. Thus, this region provides a slight enhancement of
the ion energy so that the velocity of ions can exceed the Bohm velocity.
2.2 Glow Discharges
A glow discharge is generally regarded as a self-sustaining discharge with a
cold cathode emitting electrons mainly by secondary electron emission. The
general voltage-current (V-I) characteristic of a self-sustained DC discharge
between electrodes is illustrated in Figure 2.3.
The region “A” represents a non self-sustained plasma. The plateau de-
noted Townsend (BC) is a plasma self-sustained by a voltage level higher
than the breakdown voltage of Vt. The Townsend discharge generally has
a current level of ∼10−10 to 10−5 A. At this low current, the electron and
ion densities are negligible and the space charge does not distort the electric
field between electrodes. In this region, an increase of the voltage leads to
the growth of the density of electrons and ions. Eventually, there will be a
significant distortion of the electric field due to space charge near the cath-
ode. This corresponds to the transition from a Townsend to a glow discharge.
The subnormal glow discharge is identified with this region. The negative
slope of the V-I curve is a distinct feature of the subnormal glow discharge.
Then, further increases of the external voltage lead to the segment, denoted
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Figure 2.3: V-I characteristics of a DC discharge between electrodes: (A) a
region of non-self-sustaining discharge; (BC) Townsend discharge; (CD)
subnormal discharge; (DE) normal glow discharge; (EF) abnormal glow
discharge; (FG) transition to arc discharge; and (GH) arc. Vt is the
threshold voltage for a breakdown. This figure is reproduced from [15].
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(DE), that is essentially flat. This is the normal glow discharge. The distinct
feature of the normal glow is a constant current density on the cathode, and
increases in the current correspond to a growth in the area of the cathode
spot. When the cathode surface cannot grow any more, the current continues
to increase with increasing voltage in a region known as the abnormal glow
region (EF). Continuing increases in the current with increasing voltage in an
abnormal glow discharge result in the transition from an abnormal glow to
arc discharge (FG) usually at a current value of 1 A. The arc discharge (GH)
is distinct from other discharge modes such as Townsend or glow regimes
in that the arc sustenance mechanisms are intensive thermoionic and field
emission from the cathode.
Of interest in this study is the transition from the Townsend to the glow
discharge which was observed in an array of glass microplasma devices. The
transition is caused by the growth of the electron and ion density in plasams
and the distortion of the electric field, especially near the cathode. The pro-
cesses responsible for the transition from the Townsend to the glow discharge
are mathematically described here. One-dimensional geometry is assumed in
order to reduce the mathmatical complexity. In Townsend discharges, a uni-
form electric field exists and the steady-state continuity equation is valid for
charged particles. Thus, the continuity equation in Townsend discharges is
as follows [17]:
dje
dx
= αje,
dji
dx
= −αji (2.21)
where je is the electron current density, ji is the ion current density and α is
the Townsend coefficient which describes the ionization rate per unit length
of discharge.
By applying the appropriate boundary conditions at the cathode and an-
ode, Equation 2.21 can be reduced to the following expression:
α · E · L = lnγ + 1
γ
(2.22)
where α is the Townsend coefficient, γ is the secondary electron emission, E
is the spatially-invariant field strength in Townsend discharge and L is the
gap between the electrodes.
Equation 2.22 describes the condition for a self-sustaining Townsend dis-
charge. In a glow discharge, the electric field is not uniform and the sustaining
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condition of the Townsend discharge (Equation 2.22) cannot be applied to
glow discharges. The electric field can, however, be obtained from Gauss’s
law:
dE
dx
=
1
0
e(ni − ne) (2.23)
where E is the electric field, 0 is the permittivity of free space, e is the
elementary charge, ni is the ion density and ne is the electron density.
Assuming that ni ≈ j/eµiE and ni  ne in the sheath, the electric field
in the gap (L) is obtained from Equation 2.23 as follows:
E = Ec
√
1− x
d
(2.24)
where the Ec is the electric field at the cathode and x is the position in the
gap between the electrodes. The position x=0 indicates the cathode and the
position x=L indicates the anode in this case. The quantity d is a function
of Ec and given by
d =
0µiE
2
c
2j
(2.25)
where 0 is the permittivity of free space, µi is the ion mobility and j is
current density.
The evolution of the electric field with current density is illustrated in
Figure 2.4 [17]. Equation 2.25 describes the distortion of the electric field
that is produced by the current density. The electric field at the cathode (Ec)
increases with increasing current density, resulting in increasing distortion of
the electric field in the plasma. When d is equal to L, the electric field at the
anode is zero. Therefore, we let the current density be jL and be given by
jL =
0µiE
2
c
2L
(2.26)
where Et is the electric field when a breakdown occurs in the gap between
electrodes. The electric field is not distorted in the gap and the current
is close to zero. When the current is small, the distortion of the electric
field is not significant and Ec is approximately equal to Et. As the current is
increased further, EC deviates from Et and the electric field and the structure
of a discharge are significantly perturbed when the current is larger than
jL. In this situation, the self-sustaining condition is quite different from
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Equation 2.22 and the condition is modified as follows:∫ L
0
αE(x)dx = ln(1 + 1/γ) . (2.27)
Figure 2.4: Electric field evolution according to different current densities:
(1) unperturbed field when j=0; (2) represents a weak current of j < jL;
(3) j = jL; and (4) is the transition from Townsend to glow discharges
when j > jL, where jL is the current density when d = L, and is equal to
0µiE
2
c /2L. Et is the non-distorted breakdown field in a given gap distance
of L. This figure is reproduced from [17].
2.3 Optogalvanic Effect in Neon Plasmas
The optogalvanic effect (OGE) is the term given to changes of the electrical
properties of plasmas caused by external light which has a resonance with
atomic or molecular transitions of the gas or vapor medium in the plasma.
The principle is that the absorption of light causes a redistribution of the
populations of the atomic of molecular levels involved in the optical transi-
tion. The redistribution of excited or ionized states alters E/N which then
changes the density of charged particles, mobility and energy. Changes in
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Table 2.1: Selected Neon Transitions which Are Known to Yield a Positive
Optogalvanic Signal
Transition EUPPER (cm
−1) ELOWER (cm−1) λ (nm)
3p[1/2]1 → 3s[3/2]o2 148260 134044 703.24
3p[5/2]3 → 3s[3/2]o2 149659 134044 640.23
3p[3/2]2 → 3s[3/2]o2 150318 134044 614.31
3p
′
[1/2]1 → 3s[3/2]o2 151040 134044 588.19
the conductivity of the discharge are observed by monitoring the change of
a voltage or discharge current. The OGE is positive when the illuminated
light increases a discharge current. Otherwise, the OGE is negative [18].
A diagram showing the mechanism of the optogalvanic effect in neon is
given in Figure 2.5 [19]. In a neon discharge, the primary route for ion-
ization is the two-step process that concludes with ionization of the two
metastable states of 3s[3/2]o2 and 3s
′[1/2]o0. Radiative relaxations or colli-
sional de–excitation to 2p53p decreases the ionization rate. When the neon
discharge is illuminated by a light source such as a HeNe laser, the population
of specific state(s) can be dramatically changed. If the states populated opti-
cally lie close to the ionization continuum, an increase of the current (so-called
positive activity) is observed in the Ne discharge. Several of the transitions
that yield positive optogalvanic effect are summarized in Table 2.1. All the
listed transitions have the same lower level of 3s[3/2]o1, one of the metastable
states of Ne. Negative OGE activity occurs when the absorbed radiation
enhances the population of the 2p53p states which result in a decrease in the
ionization rate. The negative activity of an OGE occurs when the radiation
enhances the population of 2p53p states because it is an indirect pathway of
metastable atoms to radiative decay. Thus, the ionization rate is decreased.
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Figure 2.5: Schematic diagram of the mechanisms of relavant to the
optogalvanic effect in Ne.
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CHAPTER 3
ARRAYS OF GLASS MICROPLASMA
DEVICES
Early studies of microplasmas focused on direct current (DC) excitation of
single microcavity plasma devices [20] and successfully demonstrated stable
operation of microplasmas having characteristic dimensions of less than 100
µm [21]. Several attractive aspects of microcavity plasmas, including power
loadings as large as hundreds of kW/cm−3, stable operation at atmospheric
pressure and ballast-free operation have been demonstrated [22, 23]. How-
ever, DC-excited microplasma devices are severely limited in several respects,
one of which is lifetime as a result of electrode sputtering. Thus, alternating
current (AC) arrays of microplasma devices are promising for a wide range of
applications, particularly those situations where lifetime and and the purity
of gas flow are critical factors. Arrays of microplasma devices fabricated on
glass are of particular interest both in research and applications because of
its transparency in the visible, chemical resistance, and dielectric and me-
chanical strength. The general features of sodalime glass are summarized in
Table 3.1.
Table 3.1: Properties of Sodalime Glass
Chemical Durability 3–4 in hydrolytic class
Dielectric Strength 9.8–13.8 MV/m
Young’s Modulus 70±2 GPa
Dielectric Constant 7.6 @25 ◦C and 1 MHz
Softening Temperature 575 ◦C
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3.1 Fabrication of Arrays of Glass Microplasma
Devices
The ability to be able to fabricate reproducibly microchannel or microcavity
plasma devices over a large substrate of large array is critical to any ef-
fort to explore their optical and electrical properties. Well-established semi-
conductor microfabrication and semiconductor and micro-electro-mechanical
systems (MEMS) fabrication techniques of Illinois originally provided me
stimulus for research on arrays of microplasmas. The mechanical strength
and inert nature of glass, however, pose a challenge to realizing a low cost and
high resolution micromachining process suitable for fabricating microchannel
and microcavity devices.
The isotropy of wet etching precludes obtaining high aspect ratios al-
though the process is well developed for quartz or pyrex. Inductively coupled
plasma reactive ion etching (ICP-RIE) enables aspect ratios of up to 10:1 for
silica and glass [24]. Its etching rate is less than 1 µm/min at optimized
conditions [25, 26]. Femtosecond laser micromaching may be an alternative,
but this technique is also limited in that an etching rate of 30 nm per pulse
is achieved at a fluence of 800 mJ-cm−2 [27]. An alternative candidate for
precision micromachining of glass is micropowder blasting. This fabrication
technique offers low cost, etching rates up to ∼100 µm/s, feature size of tens
of µm and an aspect ratio > 1:1 [28].
Mask materials and masking schemes are essential for precision fabrication
with micropowder blasting, and several different approaches have been inves-
tigated [28, 29]. A polydimethylsiloxane (PDMS, DuPont Sylgard 184) mask
requires cumbersome SU8 processing in a cleanroom environment. Also, the
SU8 structure can be damaged in a wet-and-drag process. The mask ma-
terial (a flexopolymer) demands expensive photolithographic processes. To
render the powder blasting strategy simpler and cheaper, a high-resolution
and non-lithographic scheme using ultraviolet (UV) curable polymer and soft
lithography is proposed and illustrated in Figure 3.1. First, a silicon master
wafer having the desired pattern is fabricated. Photolithographic processes
transfer the patterns onto a silicon wafer. After a post-bake process (5 min at
125 ◦C), 40 µm deep trenches are produced by an inductively-coupled plasma
(ICP) reactive ion etcher (RIE). The depth of the patterns can be further
optimized according to the minimum feature size of the patterns. A standard
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(a)
(b)
(c)
(d)
(e)
(f)
Figure 3.1: Illustration of high-resolution mask fabrication for micropowder
blasting: (a) the silicon master mold is fabricated by photolithography and
ICP-DRIE; (b) PDMS is poured onto the master mold after surface
treatment of the master wafer and is thermally cured; (c) the PDMS
daughter mold is released from the master; (d) UV curable polymer is
dispensed on a glass substrate at 40 ◦C; (e) a high-resolution mask is
replicated from the daughter mold by an imprinting process and is cured by
UV light; and (f) the daughter mold is peeled off from the substrate,
yielding a high-resolution mask.
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degreasing process using acetone/isopropyl alcohol (IPA) and plasma ashing
are used to completely eliminate the photoresist film. Then, a flexible PDMS
daughter mold is replicated from this master mold. The surface of the wafer
is treated by dimethyldichlorosilane (Repel Silane, Amersham Bioscience) to
prevent the PDMS mold from adhering to the waver. The liquid PDMS is
poured into a square metal frame placed on top of the silicon wafer, ther-
mally cured at 120 ◦C for 4 hours, and peeled off from the hydrophobic layer
of the wafer produced by the Repel Silane treatment. A mask layer is then
defined by the flexible mold for micropowder blasting. The glass substrate is
placed on top of a flexible heater, and it is warmed up to 40 ◦C. Ultraviolet
(UV) curable polymer (GEC-10H, Jujo Chemical) is dispensed onto the glass
substrate and the stamp is imprinted by rolling. The stamp and substrate
are pressurized with a contact force of a few newtons, and cured in a 400 W
UV exposure system. The stamp is released and can be reused more than
50 times. A high-resolution mask is produced by this strategy. Micropowder
blasting then etches microcavities or microchannels on a glass substrate.
Micropowder blasting has been attractive, especially for industrial appli-
cations, because of its features such as a cost effectiveness and etching rates
up to and beyond 100 µm/s. The fundamental mechanism of this etching is a
brittle erosion process in which a material is eliminated by crack formation.
The area associated with the impact of micropowder particles is plastically
deformed because of high compressive stress when a hard sharp particle col-
lides with the surface of a brittle material. A radial crack is produced in
this process and, hence, large tensile stress, which causes lateral cracks. The
material is finally removed by the subsequent impacts [30].
The micropowder blasting system is illustrated schematically in Figure 3.2.
A Comco Microblaster (MB 1002, Comco Inc.) and alumina oxide (Al2O3)
particles having a diameter of 9 µm and 17.5 µm were used. The microblaster
was connected to a pressurized nitrogen gas tank providing backing pressures
up to 120 psi. The nitrogen gas hinders the agglomeration of fine particles of
Al2O3. Alumina oxide powder is fed to the nitrogen gas stream from a pres-
surized reservoir through an orifice where mixing occurs and the powder/N2
mixture is accelerated. The particles impinge on the sample substrate with a
velocity >100 m/s. A motorized, two dimensional stage operated by a com-
puter with Labview was designed to obtain uniform coverage over an area
>40 cm2. The distance between the nozzle tip and the substrate was fixed
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at 2 cm and the backing pressure was set at 30 psi.
Figure 3.3 comprises four scanning electron micrographs (SEMs) illustrat-
ing the cross-sectional or top view of etched structures. Figure 3.3(a) shows
an end-on view of a portion of an array of 10 microchannels with linear
tapered sidewalls, a width of 120±2 µm, depth of 140±5 µm and a chan-
nel pitch of 200 µm. Arrays of rounded square shaped microcavities with
a 180±5 µm diagonal and depth of 100±3 µm are shown in Figure 3.3(b).
The cross section resembles a half-ellipsoid. Figure 3.3(c) illustrates the min-
imum feature size of 25 µm that has been demonstrated by this fabrication
approach and the cross section of the microchannel is similar to that of a
half-ellipse. A microchannel having a semicircular cross-section is shown in
Figure 3.3(d). The channel width is 550 µm. The RMS roughness of the
channel sidewalls is estimated to be ∼3 µm. Smaller diameter alumina par-
ticles and post-annealing of a substrate are expected to improve the surface
morphology. These SEMs confirm that the proposed glass micromachining
process using soft-lithography and micropowder blasting has been demon-
strated successfully.
Figure 3.2: Schematic illustration of the micropowder blasting system.
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(a) (b)
(c) (d)
Figure 3.3: Scanning electron micrograph (SEM) images: (a) portion of an
array of 120 µm wide and 150 µm deep microchannels; (b) array of
microcavities with a diagonal of 180 µm and a depth of 100 µm; (c) a 25
µm wide and 2.5 cm long microchannel; (d) end-on image of a 500 µm wide
microchannel which resembles a half-circle.
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3.2 Structures of Glass Microplasma Devices
Glass microplasma devices are a family of dielectric barrier discharges in that
one or both electrodes are covered by a dielectric layer. It is notable that,
to utilize the benefits of the high dielectric strength of glass, a patterned
glass substrate serves as a dielectric layer for our microplasma devices. This
also eliminates the necessity for the subsequent sputtering or deposition of
dielectric layers. Three representative structures were designed for the in-
vestigation of the underlying physics of microplasmas and their applications
such as antennas, UV-IR optical emitters and water/air purifications.
Schematic diagrams for several genres of glass microplasma devices are
illustrated in Figure 3.4. In the design of Figure 3.4(a), two patterned sub-
strates having half-ellipsoidal cavities or channels were aligned and hermet-
ically sealed. Metal layers of titanium (Ti) and nickel (Ni) were evaporated
on the bottom face of the device. The transparent electrode of indium tin
oxide (ITO) was sputtered onto the top surface, and annealed at 270 ◦C
for 20 minutes. These two metal layers serve as electrodes. This design
has thick dielectric layers (>100 µm) and a driving sinusoidal voltage >10
kVp−p at a frequency of 20 kHz. The difference between the structure of
Figure 3.4(a) and Figure 3.4(b) is the gap intentionally introduced between
the substrates. The gap distance was optimized for the investigation of the
electrical properties of microcavity plasmas and the interaction of microcav-
ity plasmas with microgap plasmas. Figure 3.4(c) has only one patterned
glass substrate. The metal layers of Ti (30 nm) and Ni (200 nm) are evapo-
rated before the mask fabrication procedure, illustrated in Figure 3.1(d), and
are subsequently patterned by the micropowder blasting process. The metal
layer is photolithographically patterned to decrease the displacement current
for the device. The etched glass substrate is hermetically sealed with an
optical window. Evaporation of Ti (30 nm) and Ni (200 nm) films produces
another electrode. This design does not require an alignment process, and
this has, accordingly, been widely used for glass microplasma devices having
characteristic dimensions of ≤200 µm. The operating voltage for the struc-
ture of Figure 3.4(c) is only ∼6.5 kVp−p at a frequency of 20 kHz because
the metal pad in between two glass wafers may contact the microplasmas,
thereby eliminating the voltage drop required when a dielectric is present.
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(a)
(b)
(c)
Figure 3.4: Structures of several ellipsoidal microcavity/microchannel
plasma devices: (a) symmetric ellipsoidal microplasma devices; (b)
symmetric ellipsoidal microplasma devices with a micro-gap; (c)
asymmetric half-ellipsoidal microplasma devices.
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3.3 Characterization of Arrays of Glass Microplasma
Devices
3.3.1 Electrical Characterization of Arrays of Glass
Microplasma Devices
The electrical properties of microplasmas were investigated with the sym-
metric microcavity plasma devices illustrated in Figure 3.4(a). Both top
and cross-sectional views, with dimensions indicated, are provided in Fig-
ure 3.5. The voltage-current (V-I ) characteristics for the structure are shown
in Figure 3.6. The RMS currents (ITOTAL) in Figure 3.6(a) include both a
displacement current and discharge current. The RMS discharge current
(IDISCHARGE) in Figure 3.6(b) is the RMS value of the current when the
contribution of displacement has been subtracted from the total current.
The effective capacitance of arrays of microcavity plasma devices can be
approximated from the slope of the V-I plot by the relation
Ceff =
Ivac
Vvac
· 1
2pif
(3.1)
where Ceff is an effective capacitance, Ivac is the displacement current with
vacuum in the microcavities, Vvac is the voltage in vacuum, and f is the
frequency of the applied input voltage. The vacuum data for the tested
device yields a capacitance of 38±2 pF for an array with an active area of
2.5×2.5 cm2.
Notice that the turn-on (ignition) voltage (entire array operating) increases
from 410 to 450 VRMS when the Ne pressure is increased from 100 to 700 Torr.
The I-V curves of Figure 3.6 have features similar to those of all other types
of glass microplasma devices in that: (1) higher currents were observed at
higher pressures above a threshold voltage for the pressures of 100–700 Torr,
and (2) the operating voltage was larger than ∼1100 VRMS.
The operating mode of the microplasmas in this device can be understood
from the slope of the discharge current versus the applied voltage. The curves
clearly show positive differential slopes for operating pressures and voltages,
as has been observed previously in other microplasma devices [22, 23]. This
positive differential slope guarantees ballast-free operation, and a detailed
discussion of this behavior can be found in several articles [31, 32]. One
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(a)
(b)
Figure 3.5: Structure of ellipsoidal microcavity devices: (a) top view of
arrays of microcavities; and (b) cross-sectional diagram of the overall device.
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(a)
(b)
Figure 3.6: Voltage-current (V-I) characteristics of arrays of ellipsoidal
microcavity plasma devices having an overall active region of 2.5 cm × 2.5
cm: (a) V-ITOTAL characteristics; (b) V-IDISCHARGE characteristics. ITOTAL
is the sum of the displacement and discharge currents and IDISCHARGE is
the discharge current.
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interesting observation from the curves of Figure 3.6 is that the slopes change
abruptly above ∼560 VRMS for Ne pressures of 300, 500 and 700 Torr and
are almost same. For a given voltage, the current increases with increasing
pressure in the 100 to 700 Torr range when the slopes are the same. This
observation is in agreement with theoretical predictions [5]. In addition, the
higher pressure leads to a higher slope in the region below ∼560 VRMS. These
observations imply that the operating mode of the arrays of microplasmas
changes at this juncture. V-I curves are well-known to be excellent indicators
for the mode of operation of DC plasmas, but the situation for AC DBD
plasmas is less clear because of the effect of dielectric layers. In this latter
case, it is preferred to study the temporal evolution of the applied voltage, gas
voltage, total current and discharge current. The dilemma in the research
of microplasmas, however, is the determination of the capacitance of the
dielectric layers owing to the complicated geometry of microcavity plasma
devices [33, 34]. Thus, later in this dissertation, a modified structure of
Figure 3.4(b) is introduced to further investigate modes of operation and the
results will clearly show a transition between operating modes of the plasma.
3.3.2 Optical Characterization of Arrays of Microplasmas
Optical characterization techniques such as imaging and emission spectroscopy
provide a non-invasive tool to investigate microplasmas. High-resolution pho-
tography is, for example, a convenient diagnostic to study the stable opera-
tion of plasmas. Optical emission spectra also provide information such as
discharge dynamics and chemical reactions in plasmas. This section deals
with the stable operation of arrays of microplasmas, and the observation of
frequency and voltage dependent UV/visible emissions. The emission spec-
tra from ambient air microplasmas are also discussed. Both air microplasmas
and the UV emission from such plasmas are of particular importance for a
wide range of applications in biomedicine and environmental issues.
Optical micrographs of microcavity and microchannel plasma devices are
displayed in Figure 3.7 and Figure 3.8. These micrographs, aside from Fig-
ure 3.8(b), were recorded by a 10× optical microscope in tandem with a
CCD camera having a pixel resolution of 2.3×2.3 µm2. Figure 3.8(b) was
recorded by a commercial digital camera because the CCD was not sensitive
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(a)
(b)
Figure 3.7: Optical micrographs of arrays of microcavity plasma devices:
(a) ellipsoidal microcavities with axes of 650 µm×450 µm with a depth of
300 µm in Ne 300 Torr; and (b) hemisphere microcavities with a diameter
of 150 µm in Ne 300 Torr.
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(a)
(b)
Figure 3.8: Optical micrographs of arrays of microchannel plasma devices:
(a) half-ellipsoidal microchannels with a width of 100 µm and depth of 150
µm in Ne 700 Torr; and (b) half-ellipsoidal microchannels with a width of
200 µm and depth of 250 µm, operating in ambient air.
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in the ultraviolet and blue regions. A 20 kHz sinusoidal voltage was used to
drive these microplasma devices. Figure 3.7(a) illustrates the operation of an
ellipsoidal microcavity plasma device operating in 300 Torr of Ne. Two glass
substrates having arrays of half-ellipsoidal microcavities (major and minor
axes of 700 µm × 500 µm) with a depth of 300 µm were aligned so as to
form ellipsoidal microcavities. The operation of a hemisphere microcavity
plasma device with a diameter of 150 µm and a depth of 150 µm is shown
in Figure 3.7(b) for operation in 300 Torr of Ne. Figure 3.8(a) shows the
operation in 700 Torr of Ne for a half-ellipsoidal microchannel plasma device
having a width of 100 µm and a depth of 150 µm in 700 Torr of Ne. The
microchannel in Figure 3.8(b) has a width of 200 µm and depth of 250 µm
and it is in operation in ambient air. Spatially confined, uniform glows in the
structures described in Figure 3.4 have been generated both in microcavities
and microchannels with several noble gases and gas mixtures, including am-
bient air.
A number of atomic and molecular transitions have been investigated in
glass microplasmas since the initial demonstration of the stable operation
of glass microplasma devices. UV emission (200–390 nm) in Ar/1% N2 gas
mixtures and ambient air and visible emissions (390–750 nm) in Ne gas are
among those that have been studied. Both the Ar/N2 system and Ne have
been examined extensively for decades and are well understood, and they
have been adopted to characterize the optical emissions of microplasmas.
Argon-N2 mixtures produce intense emission in the ν
′ → ν ′′=0–4 bands of
the C3
∏
u → B3
∏
g transition of N2 (second positive system) and, in Ne
plasmas, 3p → 3s transitions are most intense.
Figure. 3.9 shows the voltage-dependent characteristics of UV emissions in
Ar/1% N2 gas mixtures. A 20 kHz driving frequency was chosen for the tests.
The lowest measured voltage at each pressure was higher than the turn-on
voltage by 100 VRMS. The breakdown voltage significantly increased when
increasing the total pressure from 300 to 600 Torr. The measured voltages
were from 900 VRMS for pTOTAL=300 Torr to ∼1350 VRMS for pTOTAL=600
Torr. This implies that all tested pressures at given dimensions lie on the
right side of Paschen’s minimum. It is observed that there are three different
regimes in the UV emissions. The 300 Torr curve, for example, has three
different slopes in the 900–1200, 1200–1300 and 1300–1650 VRMS voltage
ranges. The data for 400 and 500 Torr also show similar features, but the
32
600 Torr data are somewhat unclear because of the range in the tested volt-
age. The changes in the slopes of Figure 3.9 may correspond to the changes
in the electrical properties of microplasmas, as the V-I characteristics of Fig-
ure 3.6 indicate. One possible reason for the abrupt increase of UV output
is the existence of a positive column in the microplasma at the voltage range
of 1300–1650 when the Ar/1%N2 operating pressure is 300 Torr.
The efficiency for generating UV differs for plasmas operating as a glow
Figure 3.9: Dependence on applied voltage of the integrated UV output
intensity (200–380 nm) from arrays of symmetric ellipsoidal microcavity
plasma devices over the 300–600 Torr pressure range for an Ar/1% N2 gas
mixture.
or in the Townsend region. A simple distinction exists between operation
of the plasma as a negative glow or positive column. A simple steady-state,
one-dimensional model proposed by R. Ganter et al. [35] offers a rough es-
timate for the different effeciency of a plasma in the Townsend region and
positive column. This model suggests that for a Townsend discharge, the
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fraction of the electrical power delivered to the electron is
ηe =
∫ d
0
JeE dx
JTEd
=
1
eαd
∫ d
0
eαx dx =
1
(1 + γ)(ln((1 + γ)/γ))
(3.2)
ηi = 1− ηe (3.3)
In this expression, ηe is the ratio of the power dissipated by the electrons to
the total power, ηi is a ratio of a dissipated power by ions to a total power,
Je is a current density of electrons, JT is a total current density, α is the
ionization coefficient and γ is the secondary electron emission coefficient. By
examining Equation 3.2, it can be seen that the efficiency for electron heat-
ing in a Townsend discharge is only ∼52% even with a secondary electron
emission coefficient of 0.3. The electron and ion density in the positive col-
umn are calculated by the drift of the electrons and ions, respectively. The
fractional power of electrons is changed into the following expression:
ηe =
µe
µe + µi
(3.4)
where µe is the mobility of electrons and µi is the mobility of ions. In general,
µe/µi > 100. This model may not be sufficient to explain all the under-
lying physics of microplasmas, but it is beneficial in demonstrating that the
efficiency for electron heating of a positive column is much higher than that
for a Townsend discharge. The abrupt increase of UV output in Figure 3.9
can be understood in this context.
Neon is of particular interest because its strong visible emissions provide
an opportunity to investigate the underlying physics of microplasmas by
non-invasive imaging techniques. The frequency dependent and voltage de-
pendent visible emissions are illustrated in Figure 3.10. The relative intensi-
ties of an emission spectrum in 390–750 nm were integrated and compared.
Figure 3.10(a) describes a frequency dependent visible emission in the neon
plasmas. The amplitude of the applied voltage was set to 500 VRMS for all
the frequencies. The visible output increases with increasing frequency for all
pressures of 300–700 Torr. The increase of visible emissions from neon plas-
mas generally corresponds to the population of neon excited states because
I∝NA~ω. The input power into plasmas linearly increases as the driving
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(a)
(b)
Figure 3.10: Dependence of visible emission intensity on: (a) operating
frequency, and (b) applied voltage.
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frequency increases and this leads to the increase of the visible output. The
visible output of a frequency range of 30–60 kHz also decreased with an in-
creasing pressure from 300 to 700 Torr. Collisional frequency is proportional
to pressure. A electron cannot produce excitation or ionization of atoms or
molecules if it collides with other species before getting enough energy for
the processes. This collisional loss is the reason for the decrease of visible
output. The voltage dependent visible outupt is illustrated in Figure 3.10(b).
The region that shows an abrupt increase of visible emissions was observed
for pressures between 100 and 700 Torr of Ne. The sudden increase in the
visible intensity is caused by multiple breakdown events of plasmas. The
discharge current of plasmas is created at a breakdown voltage and increases
with an increasing voltage. The current pulse, however, is inhibited by the
charge recombination on the dielectric layer and collisional losses and decays
to zero. The FWHM of a discharge current in glass microplasma devices
operating in hundreds of Torr is approximately several µs if it is abnormal
glow-like discharge. Another current pulse occurs if the driving voltage keeps
increasing and dV/dt is sufficiently high to create another breakdown. The
second pulse also leads to the visible output. The evolution of a current in
700 Torr of Ne is given in Figure 3.11. The visible output increases by ∼50 %
when an RMS voltage rises from 650 to 1000 V. The number of a current
peak of 650 VRMS is one and that of 1000 VRMS is three. It has two current
peaks at the voltage of 800 VRMS where an abrupt increase exists. The peak
of a current pulse has terminated since the dV/dt decreased. The multiple
peaks of the current of Ne 700 Torr start from the voltages of 600, 700 and
850 VRMS. The differences of RMS voltages are 100 and 150 V and they are
much lower than the first breakdown voltage of 600 VRMS. Several excited
species, such as metastable atoms of Ne, play a critical role in this. It is
also observed that the intensity of multiple current peaks decreases and it is
caused by recombination on the surface of the dielectric layers.
The distinct characteristics of arrays of glass air microplasmas are low tem-
perature and atmospheric operation. For example, a plasma ozone generator
prefers low temperature operation because the lifetime of ozone molecules
decreases with increasing temperature. Atmospheric pressure operation also
helps the formation of ozone, which is produced by three- body collisions
between an oxygen atom, an O2 molecule and a third party of O2 or N2. The
capability to fabricate large-area, high dielectric strength, and low sputter
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rate glass is another asset of glass microplasma devices. The emission spec-
Figure 3.11: Temporal response of the current for an RMS voltage of 650,
800 and 1000 V in 700 Torr of Ne.
tra of ambient air microchannel plasmas in the middle ultraviolet (200–290
nm) and near infrared (700–800 nm) range are displayed in Figure 3.12 with
an emphasis on oxidants such as NO, OH and O. Reactive chemical species
of NOβ,δ,γ,ε, O2 (A
3
∑+
u (ν
′
= 0) → X3∑−g (ν ′′ = 2)) and OH (A2∑+ →
X2
∏
) are recognized in the middle ultraviolet region. The subscripts of β,
δ, γ and ε of NO are four band systems of B2
∏→ X2∏, A2∑+ → X2∏,
C2
∏→ X2∏ and D2∑+ → X2∏, respectively. Ultraviolet B (UVB, 280–
315 nm) is especially effective for the production of vitamin D on the skin and
treatment of psoriasis and vitiligo [36]. Gaseous NO also helps wound healing
by initiating a strong antioxidant reaction from the treated tissue [37]. In
addition, strong emission of the first positive bands of N2 (B
3
∏
g(ν
′
=3–6)→
A3
∑+
u (ν
′′
=1–4)) and the oxygen atom (3p5P→3s5S) were observed in the
mid infrared (IR). These reactive radicals are of particular interest as effec-
tive oxidants and they play a significant role in water purification [38] and the
decontamination of chemical or biological warfare agents [39]. Thus, arrays
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(a)
(b)
Figure 3.12: Emission spectra from ambient air microchannel plasmas: (a)
mid-ultraviolet (200–290 nm) spectral region; and (b) near infrared
(700–800 nm) spectral region.
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of microplasmas with a high throughput would be a promising candidate in
these applications.
3.3.3 Gas Temperature Measurements of Glass Microchannel
Plasmas
The gas temperature is an important parameter in characterizing plasmas.
Chemical reactions in plasmas cannot be fully understood without the knowl-
edge of the gas temperature. The diagnosis of microplasmas, however, is elu-
sive because direct probing with an instrument such as a Langmuir probe
may not be accurate because it strongly perturbs micron scale plasmas.
Non-invasive techniques such as optical emission spectroscopy (OES), laser-
induced fluorescence (LIF) and coherent anti-Stokes Raman scattering (CARS)
are powerful tools for studying temperature. The simplicity and low cost of
OES make it more attractive than the others. In these experiments, OES
was used to estimate the microplasma neutral gas temperature from mea-
surements of partially-resolved rotational structure in the emission spectra
of diatomic molecules. The rotational temperature of N2 and O2 has been
widely used in estimating plasma gas temperature. However, several exper-
iments [40] have shown that measured rotational temperatures from those
gases overestimate the gas kinetic temperature. The (ν
′
,ν
′′
=0,0) transition
of OH A→X from Ar/H2O system was adopted for the estimation of the
gas temperature of glass microchannel plasma devices, illustrated in Fig-
ure 3.4(c). The concentration of the minority constituent of water vapor in
the tests was <1%. The microchannel of the tested device had a width of
200 µm, a depth of 200 µm and a length of 2.5 cm. The OH transition in a
Ar/H2O system generates strong fluorescence because the Rydberg levels of
water molecules are resonant with metastable states of argon (3P0 and
3P2).
A previous study [40] has shown that the concentration of water vapor has
negligible effect on the estimated temperature. The rotational temperature
from the water vapor adsorbed onto a vacuum chamber wall can be a conve-
nient measure of gas temperatures of microchannel plasmas.
A panoramic view of the emission spectrum in the 200–530 nm region is
given in Figure 3.13. The partial pressure of H2O was not quantitatively mea-
sured. the experiments relied simply on the trace water concentration present
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in the background gas when the system was pumped to a base pressure of
∼10−7 Torr. Strong lines of 307 nm and 308 nm are attributed to OH A→X
Figure 3.13: Comprehensive view of the emission spectrum from 300 Torr
of Ar/H2O in a single microchannel plasma. The spectral resolution of a
detector is ∼0.6 nm.
transitions ((ν
′
, ν
′′
)=(0,0)) and the rotational temperature was assessed from
the ratio of these lines. The spectrum also shows the C3
∏
u →B3
∏
g transi-
tion from impurity of N2. The excited Ar also populates the C
3
∏
u excited
state of N2 and the spontaneous radiative decay of N2(C) leads to the vi-
brational transitions at 315 nm, 337.1 nm, 357.7 nm and 380.5 nm in the
spectrum. To study gas temperatures of microchannel plasmas, emission
spectra from Ar/H2O mixtures have been measured at pressures of 100–700
Torr. Spectra were recorded five times at each pressure. The results were
also compared with a simulation code of OH(A(ν
′
=0)→X(ν ′′=0)), developed
in [41]. To simulate the observed spectra, the 108 rotational lines [42] of the
(ν
′
,ν
′′
=0,0) transition of OH(A→X) were convolved with a Gaussian distri-
bution function with the FWHM of the detector (0.6 nm). An example of
the process for estimating the rotational temperature of microplasmas in 300
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Torr of Ar/H2O vapor mixtures is provided in Figure 3.14. The measured
Figure 3.14: The measured and simulated spectra of OH A→X transition
((ν
′
,ν
′′
)=(0,0)) from Ar/H2O vapor mixtures. The calculated spectra are
for rotational temperature temperatures (TR) of 380 K (blue) and 400 K
(red).
spectra are normalized with respect to maximum intensity. The rotational
line which corresponds to 309 nm is strongest. The simulated spectra were
generated with increasing rotational temperature with a step size of 10 K and
the lower and upper bound of the temperature are selected when the ratio of
the rotational line envelope intensity at 308 nm to 307 nm is higher and lower
compared with the ratio of the lines from the measured data. The error in
accuracy of the example is predicted to be ±10 K. A summary of the rota-
tional temperature data for microchannel plasmas is provided in Figure 3.15.
At a voltage of 1400 VRMS, estimated rotational temperatures of 100, 300,
500 and 700 Torr are 410, 385, 403 and 395 K, respectively. Their estimated
uncertainties are ±10, 15, 13 and 18 K. The tested microchannel plasmas, re-
gardless of the pressure of the Ar/H2O vapor system, showed temperatures of
385–410 K. The fact that the gas temperature .100 K above ambient is ben-
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eficial for applications, including antennas and chemical decontaminations.
Figure 3.15: Rotational temperatures measured from 200 µm wide and 200
µm deep half-ellipsoidal microchannel plasmas in the pressure range of
100–700 Torr for Ar/H2O vapor gas mixtures.
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CHAPTER 4
COUPLING PHENOMENA IN ARRAYS OF
GLASS MICROPLASMA DEVICES
Interest in microplasma research has grown dramatically in the last 15 years.
Microplasmas are now opening new applications in photonics [6], electromag-
netics [43], microelectronic processing [44] and biomedicine [45]. However,
plasma physics in the spatial domain of 1 µm–1 mm is still not well under-
stood and studies of the underlying physics of arrays of microplasmas are
few. One of the compelling aspects of microcavity plasma devices [46] is the
opportunity afforded by this technology to investigate collective plasma and
optical effects as well as the degree and nature of coupling between a single
device and its neighbors. This work provides the first investigation into the
intriguing problems of optical and electrical coupling mechanisms in arrays
of microplasmas produced in ellipsoidal microcavities or microchannels fab-
ricated in glass. Further optimization of the coupling between microplasmas
has significant implications for microlasers, on-chip plasma processing tools
and the surface treatment of biomaterials. Coupling provides an opportunity
to optically modulate the local field strength in large arrays.
4.1 Optical Coupling in Arrays of Microcavity and
Microchannel Plasmas
The structure of Figure 3.4(a) is investigated in these experiments, and Fig-
ure 4.1 is a scanning electron micrograph (SEM) illustrating one-half of an
ellipsoidal cavity in cross section. Photographs of a portion of an array of
ellipsoidal microcavities operating in 700 torr of Ne are shown in Figures
4.2(a) and 4.3(a). The ellipsoids in these arrays are oriented such that their
major axes are normal to the surface of the glass sheets. Recorded by an op-
tical microscope in tandem with a CCD camera, the photographs illustrate
the presence of intense emission at the center of those ellipsoids in which
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Figure 4.1: SEM of the cross-sectional view of a half-ellipsoidal microcavity.
plasmas have been ignited. However, the voltage region in which all of the
microcavities are not ignited was chosen specifically for study. Panel (b) of
Figures 4.2 and 4.3, which are false color images of their corresponding pho-
tographs, reveal behavior that is not immediately evident in the photographs
themselves. Considering Figure 4.2(b), for example, it is apparent that one
or more luminous spots appear near the wall of those microcavities in which,
at this voltage (V1, estimated plasma power loading of 56 W-cm
−3), a mi-
croplasma has not yet been ignited. Each of these spots is correlated with a
nearest neighbor microcavity in which a microplasma has been established.
For example, the nonignited cavity that is indicated in Figure 4.2(a) by the
white circle has three nearest neighbors with fully operating microplasmas
and, accordingly, three faint luminous spots are evident near the perimeter
of the central unignited cavity. Digital analysis of the image of Figure 4.2(b)
(correcting for saturation and the limited depth of field of the microscope)
demonstrates that such spots are the result of the scattering of incoherent
radiation from one microplasma into neighboring microcavities. Image sub-
traction, in particular, reveals that cavities at a distance of five to six times
the intercavity spacing (pitch) receive detectable scatter from a single mi-
croplasma.
However, the observed scattering may also be responsible for a form of in-
tercavity coupling that is more interesting. Consider, for example, Figure 4.3.
If the voltage imposed on the array of Figure 4.2 is increased from V1 to a
slightly higher value V2, then the photograph of Figure 4.3(a) is recorded.
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(a)
(b)
Figure 4.2: (a) Photograph and (b) corresponding false color image of the
emission intensity produced by an ensemble of ellipsoidal microcavities
operating in 700 torr of Ne at a voltage V1.
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(a)
(b)
Figure 4.3: Images recorded under identical conditions to those of
Figure 4.2 except that the operating voltage V2 > V1.
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Panel (b) of Figure 4.3, the false color counterpart of Figure 4.3(a), shows
that the number of microcavities remaining unignited has fallen by 1/3 and
the center of each of these is, from an emission perspective, dark. More im-
portantly, the spatially resolved emission profiles in those cavities that have
ignited are apparently distorted. After correcting Figures 4.2(b) and 4.3(b)
for the aforementioned CCD camera/microscope effects and the influence of
scattered fluorescence from surrounding microcavities, the distortion is signif-
icantly reduced, but the images suggest nevertheless that each microplasma
is perturbed by the presence of another microplasma in a neighboring mi-
crocavity. The perturbation manifests as an elongation of both microplasma
intensity profiles along the axis connecting the two cavities. This has been
checked out in this work depending on the experimental conditions. One
possible mechanism for the former is a variant of the optogalvanic effect in
which atomic emission generated by one microplasma is partially absorbed
by its neighbor. Although representative of preliminary experiments, the
images presented here vividly illustrate a few of the intriguing phenomena
that are observable in microplasma arrays, and this has stimulated ongoing
research to elucidate the collective phenomena in arrays of microplasmas and
their possible mechanisms.
The spatial broadening and intensification of the visible emission from mi-
crochannel plasmas, relative to a spatially-isolated channel, has also been
observed in the analysis of emission profiles. The structure of Figure 3.4(c)
was used to investigate this phenomenon. Figure 4.4 shows the pressure
dependent broadenings of visible emission profiles in linear microplasmas.
These measurements were made with a CCD camera and telescope, and the
data of Figure 4.4 were obtained with a resolution of 2.3±0.3 µm from li-
neouts. Two channel widths (W) of 100 µm and 200 µm were tested and
their pitch (Λ) was 200 µm and 400 µm, respectively. Regardless of the
channel width, the full width at half max (FWHM) of the spatial emission
profiles increased as the pressure increased from 200 to 700 Torr in Ne, and
the increase is more pronounced with 200 µm wide channels. It is interesting
that the ratio of the FWHM of 700 Torr to the one of 200 Torr is ∼1.5 for
both of the channels. The broadening of the spatial emission for arrays of
microchannel plasmas, shown in Figure 4.4, is in disagreement with theoreti-
cal predictions [5] and experimental observation [47] for a single microcavity
plasma. This discrepancy between arrays and single microplasmas led to
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Figure 4.4: Pressure dependent FWHM of visible emission profiles.
48
continuing investigations into the phenomena.
Further experiments conducted with microchannel plasma arrays hav-
Figure 4.5: Comparison of the transverse emission intensity profile (lineout)
for a single 160 µm wide microchannel plasma (2) with those for a
microchannel of the same dimensions that is a member of a three element
array having a pitch (Λ) of 400 µm (#) or 1 mm (4). The uncertainty in
amplitude for each data point is smaller than the size of the associated
symbol and the spatial resolution is ≈5 µm. The continuous curve drawn
through the Λ=1 mm and single channel data is a Gaussian with a
full-width of 72 µm, and the positions of the microcavity sidewalls are
indicated by dashed vertical lines. Data for a Λ=400 µm array operating at
700 Torr Ne are also given( ).
ing as many as 10 parallel elements (channels) show clear evidence of optical
coupling between the microplasmas. Consider Figure 4.5, for example, which
compares the transverse, spatially-resolved emission profiles recorded for a
single, isolated microchannel plasma with those emitted by each channel of
a three-element array having a pitch of 400 µm or 1 mm. For all of the
microplasmas represented in Figure 4.5, W=160 µm and VRMS=736 V, and
most of the data (open points) was acquired for pNe=300 Torr. Note that
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the single microplasma emission profile (2), which illustrates the optical be-
havior expected of each linear plasma element in the absence of interactions
between the microchannels in an array, is virtually indistinguishable from
that for the Λ=1 mm array element (4). Both curves are described well by
a Gaussian with a full-width of 72 µm. When the microchannel pitch in the
array is 400 µm, however, the emission profile (#) differs significantly from
that for a single channel and the deviations are most pronounced off-axis,
near the side walls of the cavity. Not only is the breadth of the Λ=400 µm
profile > 60 % larger than that for a single channel but a distinct transition
between the sheath and negative glow regions appears 20–30 µm from the
side walls. For convenience, the Λ=400 µm data for pNe=700 Torr is also
shown in Figure 4.5 to illustrate the steepening of the emission curve that oc-
curs near the walls with increasing pressure. Attributing these phenomena to
light scattering within the array is not viable for several reasons, one of which
is the pressure and Λ-dependent alteration of the profile. Rather, I associate
the reproducible behavior of Figure 4.5 (and similar data acquired with other
arrays) to the resonant absorption of visible Ne atomic emission which, owing
to the optogalvanic effect [48], culminates in enhanced plasma fluorescence
and near the sheath/negative glow interface, in particular. The optical trans-
mission of the array’s glass substrate restricts the Ne emission scattered into
adjacent channels to the characteristic lines in the ∼550–750 nm wavelength
region, the strongest of which are observed to be the 3p
′
[1/2]0–3s
′
[1/2]o1 and
3p[1/2]1–3s[3/2]
o
2 transitions at 585.2 nm and 703.2 nm, respectively. The ab-
sorption of incoming radiation by a microplasma increases E/N locally (where
E and N are the electric field strength and gas number density, respectively)
because of the altered 3p and 3p
′
excited state distributions which, in turn,
heat the electrons and enhance spontaneous emission because of the super-
linear dependence of electron temperature Te on E/N [16]. Relative to a
single channel, the increase in fluorescence of a microplasma in a Λ=400 µm
array reaches maximum ∼30 µm from the wall, a distance consistent with an
absorption length given by a Ne (3p←3s) absorption cross-section of (2–3)
·10−12 cm2 [49] and a lower level (3s) population of 1014 cm−3. Because the
spontaneous emission power received by a microplasma from its neighbors
scales with array pitch as Λ−2, the negative glow/sheath transition is not
evident for the 1 mm pitch array as is the case for Λ=400 µm. Although
the optogalvanic effect has been known for decades [50], it has neither been
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demonstrated previously on the dimensional scale of interest here nor been
adopted for coupling discharges. The interchange of atomic radiation by two
or more microscopic plasmas in close proximity to one another is a potentially
versatile mechanism for controlling the properties of both or phaselocking the
optical emission from an array of parallel channels.
Finally, capacitive effects have been eliminated as an alternative explana-
tion for the data of Figure 4.5. Varying the driving voltage frequency from
5 kHz to 60 kHz alters the capacitive coupling impedance ZC ∝(ωC)−1 by
more than an order of magnitude, yet both the arrays with a pitch (Λ) of 1
mm and 400 µm provide almost identical profiles of the intensity, as shown
in Figure 4.6(a). The emission profile of 5 kHz and 60 kHz for both the 400
µm and 1 mm pitches shows a minor change only near the negative glow
region and the broadening of emission profiles was not observed over a fre-
quncy range of 5–60 kHz. Thus, by differing the pitch and frequency, it was
demonstrated that each element of an array of linear microchannel plasmas
is optically coupled to its neighbors and this is attributed to the optogalvanic
effect.
4.2 Electrical Coupling in Arrays of Microplasmas
The electrical probing of arrays of microplasma devices reported here shows
that there is a transition from a Townsend-like to an abnormal glow-like
discharge in these devices. This study will also show that each microcavity
plasma is electrically coupled to its neighbors, possibly by a charge imbalance
on the dielectric. Arrays of microplasma devices having the structure shown
in Figure 3.4(b) were tested for this investigation.
The tested structure, by intentionally adding a micron-scale gap (∼80 µm)
to microcavity plasma devices of Figure 3.4(a), has analytical advantages in
that the ratio of discharge current to displacement current is higher than
conventional microcavity plasma devices (Figure 3.4(a)) without a gap. The
simple structure of dielectric layers thus lends itself to being electrically mod-
eled as compared to other alumina or silicon microcavity plasma devices [46].
The specific dimensions of the devices tested were illustrated in Figure 4.7.
The ellipsoids in Figure 4.7(a) have a major axis of 800 µm and minor axis
of 600 µm. The depths of half-ellipsoidal cavities are 450 µm and 250 µm
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(a)
(b)
Figure 4.6: Comparison of the transverse emission intensity profile (lineout)
for a single microchannel in an array for different values of pitch: (a) Λ=1
mm, and (b) 400 µm.
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(a)
(b)
Figure 4.7: Structure of ellipsoidal microcavity devices with an 80 µm gap:
(a) top view of an array of microcavities; and (b) a cross-sectional diagram
of the device. The depth of a half-ellipsoidal microcavity on the top glass
substrate is 450 µm and the depth of the half-ellipsodial microcavity on the
bottom substrate is 250 µm.
53
for the glass substrate with indium tin oxide (ITO) and the glass substrate
with Ti/Ni, respectively. To preserve the micron-scale distance between the
bottom of the cavities on a micron scale, the gap distance was set to 80 µm
and the distance between the bottom of the cavities including the gap dis-
tance was 880 µm in the tested devices.
Voltage-current (V-I) characteristics of this ellipsoidal microcavity plasma
device with an 80 µm gap are given in Figure 4.8. The V-I curve is a stan-
dard indicator of the electrical properties of plasmas and plasma devices.
The positive slope is a well known signature of the abnormal glow discharge
and is beneficial for applications because it eliminates the need for resistive
ballast. Unexpectedly, three slopes were present in the curves for pressures
of 300–700 Torr. For example, Ne at 300 Torr showed different slopes in the
Figure 4.8: V-I characteristics for an arrays of glass microcavity plasma
devices with an 80 µm gap. The arrays comprises of 350 devices.
220–300, 300–420 and 420–710 VRMS regions. Spatially-coupled temporal
oscillation has unexpectedly been observed in the region of 300–430 VRMS.
An electrical model [51] for the device shown in Figure 4.7 was adopted to
further investigate this phenomenon.
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The electrical model analysis for the devices of Figure 4.7(b) is presented
in Figure 4.9. The applied voltage to the top electrode of ITO is repre-
sented by VAPPLIED, CSD is a total capacitance of the glass dielectric layers,
ITOTAL is a total current drawn by the array, the ZGAS represents the vari-
able impedance of the plasmas and VGAS is the voltage applied between the
top half-ellipsoidal microcavity and its corresponding half-ellipsoidal cavity,
including the 80 µm gap . This model is identical to the corresponding model
Figure 4.9: An electrically equivalent circuit of glass microcavity plasma
devices with a gap.
for conventional dielectric barrier discharge devices [51] with the assumption
that the effect of the microcavity on the surface dielectric is negligible. A
capacitance measurement of the device showed that this assumption is ac-
ceptable. The capacitance CSD is the sum of series capacitances of a top
and bottom glass substrate (CTOP and CBOTTOM) with microcavities and is
calculated by the expression:
CSD =
CTOP × CBOTTOM
CTOP + CBOTTOM
=
0 · r · Adtop × 0 · r · Adbottom
0 · r · Adtop + 0 · r · Adbottom
(4.1)
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where 0 is the permittivity of free space, r is the permittivity of a glass
substrate, A is the area of an electrode, dtop is the thickness of the top glass
substrate and dbottom is the thickness of the bottom substrate.
The capacitance of the gap (CGAP ) is also calculated similarly as in Equa-
tion 4.1. The equivalent circuit model provides the analytical solution of a
gas voltage (VGAS) and is given by
VGAS = VAPPLIED − 1
CSD
·
∫
ITOTAL(τ)dτ . (4.2)
The applied voltage, the gas voltage and discharge current for voltages of 250
and 410 VRMS in 300 Torr of Ne are summarized in Figure 4.10. The 250
VRMS and 410 VRMS curves are representative of the 220–300 V and 420–
710 V regions, respectively. These data show clearly the transition from a
Townsend-like discharge (Figure 4.10(a)) to an abnormal glow-like discharge
(Figure 4.10(b)). The glass microplasmas at 250 VRMS are dimmed glows
shown in Figure 4.10(a). Both the discharge current and the gas voltage
for 250 VRMS have the similar feature of a sinusoid to the applied voltage.
This suggests that the cathode sheath does not exist in the plasmas. In di-
electric barrier discharges, the cathode sheath is formed and the gas voltage
drops because of charge recombination on the dielectric surface. However, no
change was noticed in the gas voltage at 250 VRMS. The depth and shape of
the half-ellpsoidal microcavities of the top and bottom substrate also have
not been reflected in the maximum of the discharge current when the polar-
ity of the applied voltage changed. This observation leads to a conclusion
that the sum of the depth of half-ellipsoidal microcavities determines the
maximum discharge current, and this is further evidence that the plasmas
are Townsend-like discharges. The maximum current, which was less than 1
mA, of this test is also a well-known aspect of Townsend discharge. These
features were dramatically changed when the applied voltage increased to
425 VRMS. The visible emission was distinct from that of 250 VRMS. The
abrupt decrease of the gas voltage was clearly observed and this is an indi-
cation of the existence of sheath of plasmas. The decrease of the gas voltage
also correlates with the FWHM of a discharge current spike of less than 1 µs.
The maximum current is 7.9 mA when the bottom electrode is the cathode
and the maximum is 7.3 mA when the top is the cathode. The properties
of the cathode are different for the different geometry of a microcavity. The
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(a)
(b)
Figure 4.10: Applied voltage, gas voltage and discharge current for different
voltages of: (a) 250 VRMS and (b) 425 VRMS.
57
maximum current was obtained at the smaller volume of a microcavity as
predicted from a numerical simulation [52].
Spatially-coupled temporal oscillations were observed during the transition
from the Townsend-like to an abnormal glow discharge. The oscillations,
which have two different modes of the visible intensity, were recorded by a
CCD in tandem with an objective lens. Figure 4.11 illustrates the bistable
modes, which are temporally random, at 310 VRMS in 300 Torr of Ne. Pho-
tographs, used for this analysis, were extracted from the recorded video clip.
One example is displayed in Figure 4.11(a). The time interval between each
frame was ∼80 ms and the exposure time was 50 ms. The microcavities
indexed to 1, 2 and 3 are arbitrarily chosen to study the temporal evolution.
The horizontal lineouts of the selected microcavities in Figure 4.11(b) show
that the visible intensity randomly changes between frames, yet the intensity
bifurcates between two differnt modes (High/Low status) of visible emissions
from the plasmas. The oscillations in a cell also appear to be closely related
to their neighboring microcavities. Figure 4.11(b) illustrates some of the cor-
relation between microcavities. Cell 3 is surrounded by its six neighbors, two
of which are cell 1 and 2. It shows that the intensity of at least one of the
other neighboring cavities changes to the opposite mode when the center cell
of cell 3 changes the mode. The evolution from frame 1 to frame 2 shows
that the intensity of cell 3 decreased and the intensity of the neighboring cell
2 increased. One exception is the evolution from frame 5 to 6; however, cell 3
was correlated to other neighboring cavities in this case. Only 11 frames were
displayed; however, these oscillations continue under operating conditions of
310 VRMS and 300 Torr of Ne.
The applied voltage, the gas voltage and discharge current were ana-
lyzed to further investigate these spatially-coupled temporal oscillations and
they are shown in Figure 4.12. The applied voltage was a 20 kHz sinusoid
operating at 310 VRMS. Temporal profiles of the estimated gas voltage and
measured discharge current appear to be the intermediate stage of the ones of
250 VRMS and 425 VRMS. The gas voltage dropped sharply between 2.4 and
5 µs and continued to drop more slowly afterwards. The first abrupt drop of
the gas voltage is similar to that of glow-like discharge and this implies the
existence of a sheath in the plasmas. The slow decrease of the gas voltage is
similar to that of Townsend-like discharge. The temporal pattern of the dis-
charge current also followed these two steps of the gas voltage. The maximum
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(a)
(b)
Figure 4.11: Bistable oscillations at an RMS voltage of 310 V and 300 Torr
of Ne: (a) a photograph of the oscillation; and (b) horizontal lineouts of the
temporal evolution for the microcavities indexed to 1, 2 and 3. The three
microcavities are randomly selected.
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Figure 4.12: Applied voltage, gas voltage and discharge current at the RMS
voltage of 310 V and Ne 300 Torr.
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current was 2.8 mA and the FWHM of the current was 2.2 µs. The inter-
mediate state indicates the existence of a high impedance for the evolution
from a Townsend-like discharge to an abnormal glow-like discharge [53] and
this agrees with the positive slope in V-I curves of arrays of microplasmas.
The high impedance seems to restrict the maximum of a discharge current
and makes recombination processes slower. The negative slope of V-I curves
is linked to the spreading of plasmas to the outer cathode surface in a micro-
hollow cathode plasma [54]. The cathode of the tested devices was confined
in the microcavities, resulting in the positive impedance region between a
Townsend-like and an abnormal glow discharge. This high impedance was
also associated with the spatio-temporal oscillations in arrays of microplas-
mas with a micron gap. Each microplasma in the cavities required higher
power for the transition from Townsend to glow-like discharge, but the ran-
dom phenomena such as charge distributions on the dielectric surface with
microcavities lead to a local imbalance of a plasma impedance. When one
cavity draws more power, its neighboring cavities may lose power. These
interactions result in the spatially coupled temporal oscillations in arrays of
glass microplasma devices with an 80 µm gap.
4.3 Plasma-Plasma Coupling in Microcavity Plasma
Systems
The chaotic behavior [55], self-organization [56] and several patterns such as
hexagon [57] or honeycomb [58] of microdischarge in dielectric barrier dis-
charge (DBD) systems have been known and investigated in the last several
decades. The plasma systems, however, are limited in that all the microdis-
charges are randomly generated by the nonuniformity of current distribution
on the dielectric layer. The underlying physics of the intriguing phenom-
ena is also not fully understood. To further investigate the phenomena and
their fundamental mechanisms in DBDs, the structure shown in Figure 4.13
was investigated. By controlling the depth of two microcavities in the struc-
ture, a plasma system comprising of randomly generated microdischarges and
spatially-confined microcavity plasmas was implemented and several novel
phenomena were observed. The phenomena such as bound microdischarges
along the circumference of a circular microcavity, trapped microdischarge be-
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tween two microcavities and the interaction of a bound microdischarge with
a free microdischarge, are reported here.
Figure 4.13: Double-cavity microplasma device with an 80 µm gap.
Figure 4.14 illustrates voltage dependent evolution of microplasma gen-
eration in the plasma systems having randomly produced microdischarges
and spatially-confined microcavity plasma devices. All photographs show
microplasmas operating in 760 Torr of Ne. A 20 kHz sinusoid was applied
for the operation. Plasmas, as shown in Figure 4.14(a), were ignited and sus-
tained at 467 VRMS. Plasmas were produced in two microcavities and two
trapped microdischarges were generated between the two cavities. Dimmed
glows were also observed along the circumference of the cavities. Microdis-
charges in DBDs are produced when a sheath region is fully established near
the cathode by sufficient space charge. This condition is made by increasing
voltage. Operation at voltages of 496–608 VRMS confirms this mechanism.
One microdischarge appeared at 495 VRMS from the dimmed glow along
the boundary of the left cavity. Three microdischarges on the perimeter of
the left microcavity and two microdischarges on the perimeter of the right
microcavity were present at 545 VRMS. At VRMS=608 V, microdischarges
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(a) (b)
(c) (d)
(e) (f)
Figure 4.14: Photographs and their corresponding false color images of
microplasmas operating in 760 Torr of Ne: (a) and (b): 467 VRMS; (c) and
(d): 495 VRMS; (e) and (f): 545 VRMS; (g) and (h): 608 VRMS; (i) and (j):
898 VRMS; (k) and (l): 1061 VRMS; (m) and (n): 1337 VRMS; and (o) and
(p): 1768 VRMS.
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(g) (h)
(i) (j)
(k) (l)
(m) (n)
Figure 4.14: Continued.
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(o) (p)
Figure 4.14: Continued.
were generated over the whole plane and they kept moving to reach a most
stable state. These dynamic microdischarges are denoted by “free” microdis-
charges here. Microdischarges started to change into diffuse glow discharges
from 898 VRMS to 1337 VRMS. Eventually, all the microdischarges, other
than two trapped microdischarges, altered into diffuse glow discharges. It
must be emphasized that the trapped microdischarges between microcavities
and the microdischarges along the perimeter of the microcavities has never
been observed in other DBD systems.
The behavior between arrays of microdischarges in 760 Torr Ne and 608
VRMS is analyzed by an optical imaging technique. Operation of the tested
device in Ne 760 Torr and 608 VRMS was recorded by a CCD. A hundred
photographs were again extracted from the video clip and used for this anal-
ysis. Statistical data showing the distance between microdischarges and the
size of microdischarges are presented in Figure 4.15. The data illustrate that
microdischarges having a diameter of 144±11 µm are self-organized with a
distance of 485±58 µm. This data also indicate that free microdischarges are
balanced even when they keep moving by a possible combination of Coulom-
bic repulsion force, Lorentz attractive force and confinement potential [59]
Microdischarges are mainly produced by space charge near the dielectric
surface, which results in Coulombic repulsion forces. A localized region of
a microdischarge is modeled as a charged region and the Coulombic force
between microdischarges is represented by
FCoulomb =
1
4pi0
Q2
|ri − rj|3 (ri − rj) (4.3)
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(a)
(b)
Figure 4.15: Behavior of microdischarges operating in 760 Torr of Ne and
608 VRMS: (a) distance between microdischarges (b) diameter of
microdishcarges.
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where ri and rj represent the position of microdischarges, Q is the total
charge of a microdischarge and 0 is the permittivity of free space.
There is also Lorentz attractive force between microdischarges which are
in phase, given by [59]
FLorentz = −µ0
2pi
I2
|ri − rj|2 (ri − rj) (4.4)
where µ0 is the permeability of free space.
Previous study [59] has shown a huge discrepancy between the repulsive
and attractive forces for microdischarge having the length of several mm.
The demonstration of the existence of confinement potential [60] supple-
mented the balance of forces and the self-organization of microdischarges.
The discrepancy between Coulombic and Lorentz force was again confirmed
for the characteristic dimension of 80 µm. The statistical data for the dis-
tance between microdischarges were used for this calculation. Unfortunately,
the current and charge could not be quantitatively measured because of the
detection limit. To estimate the repulsive and attractive force, the value of
current and charge measured in [59] was scaled according to the dimensions
and operating frequency. The predicted value of current and charge was 2.25
µA and 1.12 pC, respectively. These results led to Coulombic force of 48
nN and Lorentz force of 2.1 fN. Thus, in these dimensions, the confinement
potential appears to play a critical role in balancing each microdischarge.
One interesting phenomenon is the existence of bound microdischarges
which are located on the perimeter of the microcavity. Unlike other mi-
crodischarges, which are freely moving to reach a most stable state, the
bound microdischarge moves but is bounded to the boundary of the micro-
cavity. This type of microdischarge is probably produced by a geometrical
origin of the microcavity, but further study is necessary to elucidate its fun-
damental mechanisms. This bound microdischarge offers an opportunity to
further investigate the interaction between microdischarges because the po-
sition is quasi-fixed. Figure 4.16 illustrates the change of the diamter of free
microdscharges when they approach bound microdischarges. This clearly
shows that the diameter of free microdischarges decreases when the distance
between a free and a bound microdischarge is .500 µm. This is caused by the
interaction of the free microdischarge with its nearest bound microdischarge.
It is probable that space charge, which is responsible for microdischarge gen-
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eration, is captivated by a possible comibination of a bound discharge and
a microcavity plasma, resulting in the decrease of the diameter of free mi-
crodischarges.
The simple plasma system having two microcavities and a microgap showed
scientifically interesting phenomena which were not observed in previous
plasma systems. It is possible to trap microdischarges between microcavities
if the distance is sufficiently close possibly by geometrical origin of the mi-
crocavities. Free microdischarges produced in a gap of less than 100 µm have
been self-organized. The evidence of the interaction of free microdischarges
with bound microdischarges was presented. Continuing research will explain
more fundamental aspects of these phenomena, and this plasma system will
offer an opportunity to investigate the underlying physics of collective phe-
nomena in a plasma system.
Figure 4.16: Dependence of the diameter of free microdischarges on the
distance from a free to a bound microdischarge.
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CHAPTER 5
APPLICATION OF MICROCHANNEL
PLASMA DEVICES AS ANTENNAS
Plasmas are known to interact with electromagnetic waves of frequencies
lower than the plasma frequency. Research has focused on the interaction
because of its great potential applications. The reflection of RF signals from
the ionosphere has been widely used for long distance RF communication [61]
and microwave techniques have been extensively adopted to diagnose plas-
mas since the 1950s [62]. Research in this area has led to the use of plas-
mas in electromagnetic devices such as antennas. Plasmas are advantegeous
over metal in that plasmas and their arrays can be electrically switched,
tuned, and reconfigured in a ≤1 µs time interval. Plasma antennas, re-
flectors, and absorbers have been suggested and demonstrated in the last
several decades [63, 64, 65] and theoretical developments have followed [63].
However, the use of plasma devices such as these in military and commercial
applications has not yet become feasible for several reasons. Although plasma
mirrors have been successfully demonstrated, magnetic fields larger than 100
G were required to sustain them [66]. The mirrors in [64] showed similar
reflectance at 10.2 GHz similar to those of conventional metal reflectors. But
the band of operating frequencies is still limited by the electron density of the
plasma which is on the order of 1012 cm−3. Thermal noise and vacuum pack-
aging are also problematic. One possible approach to tackling these issues is
to introduce microplasmas instead of macroplasmas for antenna applications.
This chapter discusses a proof of concept for microchannel plasma antennas
both from experiments and numerical simulations.
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5.1 Design and Operation of Arrays of Glass
Microchannel Plasmas for Antennas
In glass microchannel plasma antennas, the metal is replaced with arrays of
microchannel plasmas. This approach decreases the radar cross section of the
antennas. The majority of the plasma antennas is dielectrics made of glass
and gas when plasmas are not ignited and they are transparent to radar.
Cross-sectional diagrams of the prototype designs of microplasma antennas
are illustrated in Figure 5.1 and Figure 5.2. The configurations have simi-
larities with microstrip patch antennas, where microchannel plasmas corre-
spond to the metal patch of microstrip antennas. The microchannel plasma
antennas, unlike conventional plasma columns or slabs in glass tubes [63, 64],
incorporate micron-scale plasma columns into glass substrates. The glass mi-
cromachining technique [67] developed at the Laboratory for Optical Physics
and Engineering Lab (LOPE) made it possible to fabricate arrays of mi-
crochannels in glass, and the first planar microplasma antennas have been
successfully demonstrated. The device shown in Figure 5.1 was suggested
at the early stage of this work. The channel width was set to 200 µm and
channel lengths up to 4 cm were tested. The red lines and green lines in this
Figure are power feeding lines and ground lines, respectively. Figure 5.1(a)
and 5.1(b) show the flexibility in the operating scheme of these devices and
stable operations at pressures of 100–500 Torr of noble gases. No visible dif-
ference, however, was observed in the plasma operation. Despite the stable
operation in this structure, the sputtering of inserted metal wires changed the
operating parameters such as the sustain voltage. The design of Figure 5.2
was eventually adopted as a prototype for ongoing research. This prototype is
based on the asymmetric half-ellipsoidal microchannel structures introduced
in Figure 3.4(c), yet the electrodes were modified to minimize the radar cross
section of this antenna, as illustrated in Figure 5.3(g). This prototype has 8
multiple channels having a width and depth of 200 µm. The notation of red
and green lines in Figure 5.2 is same as Figure 5.1 and two different operating
strategies are described in Figure 5.2(a) and 5.2(b).
The fabrication and packaging procedures of the prototype of Figure 5.2
are described in Figure 5.3. A sodalime glass substrate was cleaned through
a standard degreasing process of acetone/isopropyl alcohol, dipped in 49 %
hydrofluoric acid (HF) for 2–3 sec, washed in deionized (DI) water for a
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(a)
(b)
Figure 5.1: Cross-sectional diagrams of the prototype of microchannel
plasma antennas with inserted metal wires: (a) a top metal pad and an
inserted wire on the left and a bottom metal pad on the right are powered
by a 20 kHz sinusoid. Other wire and metal pads are grounded; and (b) top
metal pads and inserted wires at both sides are powered by a 20 kHz
sinusoid. The other two metal pads at the bottom of the prototype are
grounded.
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(a)
(b)
Figure 5.2: Cross-sectional diagrams of the prototype of microchannel
plasma antennas: (a) two top metal pads are powered by a 20 kHz sinusoid
and two bottom metal pads are grounded; and (b) a top metal pad on the
left is powered by a 20 kHz sinusoid and two bottom metal pads are
grounded. Another top metal pad on the right is a floating electrode.
72
(a) (b)
(c) (d)
(e) (f)
Figure 5.3: (a)-(j): Process sequence for fabricating the prototype of
microchannel plasma antennas. The diagrams in the left column are top
view and those in the right column are cross-sectional view.
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(g) (h)
(i) (j)
Figure 5.3: Continued.
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Figure 5.4: A prototype of microchannel plasma antennas integrated onto a
ground plane.
minute and dried by N2 blower. The substrate was baked at 125
◦C to elimi-
ate the moisture on the surface. The top electrode of Ti/Ni (30/200 nm) was
evaporated onto the glass substrate right after the baking process. Multiple
microchannels with a width of 200 µm and pitch of 300 µm are are fabricated
by soft-lithography and micropowder blasting described in Chaper 3. The
metal pad is patterned by photolithographic processes and only 5–20 % of
the channel in length is covered by the electrode. The evaporation of bottom
metal pads followed. The metal pads were aligned according to the top metal
pads but the bottom ones had a smaller area. The evacuation port was used
to remove impurities and introduce gas/gas mixtures into the device. The
fabricated glass substrate was hermetically sealed with a 2.3 mm thick glass
window and they were fixed onto a 3.4 mm thick glass spacer. The package
is integrated with an aluminum ground fixture. The final structure is shown
in Figure 5.4.
Two photographs of the operation of the device shown in Figure 5.1 are
presented in Figure 5.5. A half-ellipsoidal 200 µm wide channel with a length
of 4 cm was fabricated and tested. The applied voltages for the operation in
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(a)
(b)
Figure 5.5: Photographs of the prototype micorchannel plasma antenna
shown in Figure 5.1, illustrating the operations in: (a) He 300 Torr; and (b)
Ne 500 Torr. A 20 kHz sinusoid was applied to these devices for the
operations.
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He 300 Torr and Ne 500 Torr were about 1350 and 1600 VRMS, respectively
and the operations were stable for both He 300 Torr and Ne 500 Torr: and
other noble gases. It is noted that the visible emission was stronger near the
electrode than the center of the microchannel and the fluorescence resembles
Bow-Tie antennas [68].
5.2 Simulations of Electron Density
The most fundamental question about microchannel plasma antennas is whether
metal can be replaced by microchannel plasmas. The question is mainly
about the conductivity and plasma frequency of microchannel plasmas with
the operating pressure of 100’s Torr. The conductivity of plasmas is pro-
portional to an electron density of plasmas and inversely proportional to
collisional frequency. The plasma frequency is also proportional to a square
root of electron density. Thus, it is of particular importance to predict the
electron density of microchannel plasmas at a given pressure and a finite-
element simulation was performed using a COMSOL Multiphysics simulator
to accomplish this goal.
An asymmetric half-ellipsoidal microchannel of Figure 3.4(c) with a width
of 200 µm and depth of 200 µm is adopted for this simulation. A 400 µm
thick sodalime glass has been used for this model and its relative dielectric
constant is 7.8. Both electrodes on the top and bottom are modeled as a
1 µm thick perfect conductor (PEC). The fluid model is also employed to
investigate the microchannel plasmas in this configuration. This model con-
sists of continuity equations for electron, ion and charged particles/excited
species, momentum transport equations for electrons and ions and Poisson’s
equation. The equations are coupled with boundary conditions. The spa-
tial and temporal variations of the density for each species are obtained by
following continuity equations:
∂ne
∂t
+∇ · Γe = Se (5.1)
∂ni
∂t
+∇ · Γi = Si (5.2)
∂M
∂t
= DM∇2M +DM (5.3)
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where Γ is particle flux, S is a source term, n represents charged particle
density, M stands for excited species density, D is a diffusion coefficient and
the subscripts e and i indicate an electron and ion, respectively
The flux is given by momentum transport equations and they are typically
approximated by drift-diffusion approximation. The flux of electrons and
ions are
Γe = −neµeE−De∇ne (5.4)
Γi = niµiE−Di∇ni (5.5)
where µ is mobility and E denotes an electric field.
The electric field within each cell, defined by meshing, is self-consistently
calculated by Poisson’s equation and it is given by
∇ · (E) = q(ni − ne) (5.6)
where  is permittivity.
In several plasma display panel (PDP) simulations [69, 70], local field ap-
proximation (LFA), rates and transport coefficients are a function of a re-
duced electric field of E/N, where N is a gas density. This approximation
can be valid for ions; however, it is a poor assumption for electrons in that
LFA cannot describe the energy transfer in electron-neutral collisions and the
spatial variation of the field is huge. LFA also does not consider the electron
energy redistribution caused by thermal conduction or convection. Thus, in
this model, LFA is applied for ions, yet not for electrons. The reaction rates
and transport coefficients of electrons are estimated by the following energy
balance equation:
∂n
∂t
+∇ · Γ = S (5.7)
where n(=ne¯) is electron energy density, ¯ is electron mean energy, Γ
represents electron energy flux and S is an electron energy source term.
The electron energy flux and electron energy source term are given by
Γ = −5
3
nµE− 5
3
De∇n (5.8)
and
S = −eΓe · E− ne
∑
i=1
νii (5.9)
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where νi is the frequency of the i
th electron impact process and i is associated
with a loss of electron energy for the process. All of the reactions considered
in this plasma simulation are summarized in Appendix B along with their
associated rate coefficients.
One notable feature of this simulation is the way to deal with boundary
conditions. Detailed analysis of particle flux toward the wall yields the fol-
lowing expressions:
Γ · n = a · sgn(q)µE · nn+ 1
4
vthn− 1
2
D∇n · n (5.10)
where n is the normal vector directing toward the wall and vth is a thermal
velocity.
In most references [69, 70, 71], it is assumed that ∇ · n is equal to zero.
Hagelaar et al. [72, 73], however, pointed out the importance of the last term
of Equation 5.10 and derived an analytical solution. This simulation followed
the boundary conditions in [72] and they are summarized in the following
equations:
Γj · n = 1
2
vthn (5.11)
for the jth neutral species,
Γi · n = (2a− 1)µiE · nni + 1
2
vthni (5.12)
for ions, and
Γe · n = −(2a− 1)µeE · nne + 1
2
vth(ne − ne,γ)− 2(1− a)
∑
p
γpΓp · n (5.13)
for the electrons, where a=1 if the drift velocity is directed toward the wall
and is zero otherwise, and ne,γ is approximated as
ne,γ = (1− a)
∑
p γp¯pΓp · n
5
3
µeE · n (5.14)
where ¯p is a mean initial energy of electrons emitted by collision of species
p.
All these equations and boundary conditions were coupled into the given
physical geometry. They were eventually integrated into COMSOL Multi-
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physics and they were solved for a two-dimensional Cartesian geometry. This
finite-element simulation was also performed with a mesh resolution of 3 µm.
Figure 5.6 illustrates the driving voltage waveform and the temporal re-
sponse of electron desity. In the figure, ne represents electron density. Instead
of a 20 kHz sinusoid which had been used for experiments, a 60 kHz sinusoid
having 4 kVp−p was applied for this numerical simulation. The discharge dy-
namics between those two frequencies are not expected to be different, and
a 60 kHz sinusoidal voltage decreases the time cost of this simulation by a
factor of 3. The frequency of 60 kHz corresponds to a period of ∼16.67 ms.
The simulated structure has a thick glass dielectric of ≥200 µm. The accu-
mulation of wall charge on the dielectric layer plays a critical role in the first
several periods, and after an operation of six periods the physical parameters
such as wall charge and electron density reached steady state. All the data
discussed in this section are after the steady state. The breakdown voltage
of this structure was 1.5–2 kVp−p at a 20 kHz operation, yet the double of
that voltage was applied to investigate the discharge dynamics in this con-
figuration. Note that 20 kHz sinusoids with 4–6 kVp−p had been used for the
operation of the prototype of plasma antennas.
Neon gas was used to research the temporal response of electron density.
Ne gas has been well studied because of its structural simplicity. It is also
a convenient gas for image analysis of plasmas in experiments because of
its strong visible emissions. Most importantly, compared with other noble
gases or gas mixtures, neon has a low collisional frequency per unit pressure
of ∼109 /sec-Torr. This results in higher plasma conductivity. Estimated
plasma parameters of several gases are provided in Table 5.1 [15]. The tem-
poral evolution of an electron density of microchannel plasmas operating in
200 Torr of neon is shown in Figure 5.6 along with a 60 kHz driving voltage.
The peak electron density is ∼1.5×1016 cm−3 and it corresponds to a conduc-
tivity of 2180 S/m and plasma frequency of 1.1 THz. The estimated plasma
frequency of 1.1 THz indicates that this microchannel plasma antenna can
operate up to the THz regime. The peak electron density is encouraging, but
the full width at half max (FWHM) of the density is less than 1 µs. Colli-
sional losses at pressures of 100s of Torr cause the electron density to decay
to 1.3×1012 cm−3 in ∼10 µs and the minimum density occurs at t=7 and
24 µs. The minimum density gives a conductivity of 0.2 S/m and a plasma
frequency of 10 GHz. The estimated minimum conductivity corresponds to
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Figure 5.6: Temporal evolution of electron density in 200 Torr of Ne,
excited by a 60 kHz sinusoidal voltage of 4000 Vp− p. ne is electron density
and the unit is cm−3.
Table 5.1: Estimated Parameters of Plasmas for Different Gases
Gas νc/p µe · p σ·pne
109 cm–Torr 106 cm2–Torr/V–sec 10−13 Torr–cm2/ohm
Air 4 0.45 0.7
N2 4 0.4 0.7
Ar 5 0.3 0.5
Ne 1 1.5 2.4
He 2 0.9 1.4
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1/20 of the conductivity of sea water and this is the inherent hault in opera-
tion of the plasma antenna. The threshold electron density in the operating
pressure of 100’s of Torr is on the order of 1014 cm−3 and the inherent pause
of the operation is approximately 40% at the driving frequency of 60 kHz.
One possible approach to tackling this challenge is to apply a sinusoid
which has a higher frequency to arrays of microchannel plasma devices. The
fundamental idea of this proposal is to excite microchannel plasmas before
the electron density of microchannel plasmas decays down to 1014 cm−3 and
this idea is demonstrated in Fig. 5.7. The self-oscillation of electron den-
sity is still present, but the minimum electron density at 1 MHz operation
is ∼5.14×1014 cm−3. This minimum leads to a conductivity of 72.5 S/m
and plasma frequency of 204 GHz. These results suggest that microchan-
nel plasma antennas are in a continuous mode at 1 MHz operation and the
operating frequency can be as high as 200 GHz.
Figure 5.7: Temporal evolution of electron density in 200 Torr of Ne,
excited by a 1 MHz sinusoidal voltage of 4000 Vp−p. ne is electron density
and the unit is cm−3.
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5.3 RF Transmission Measurement
Tests of RF transmission through micochannel plasmas were conducted in
order to understand how well the microchannel plasmas mimic metal in tra-
ditional antennas and to infer an electrical conductivity of plasmas. These
experiments were also used to validated simulations. To operate microchan-
nel plasmas at several MHz, the configuration of the prototype needed to
be redesigned. Instead, in this section, a measurement scheme was devised
to measure the transient transmission of RF signal and is illustrated in Fig-
ure 5.8. The key change from conventional RF transmission measurements
Figure 5.8: Experimental setup for RF transmission measurements through
microchannel plasmas.
was the introduction of an oscilloscope (Tektronix, TDS5104B) with a sam-
pling rate of 5 GS/s. A network analyzer provides time-averaged data, but
this averaging process decreases the transmitted signal and the signal may
lie below the noise floor. Note that the measured duty cycle of the discharge
current is only ∼0.034 % at the operation of 20 kHz. Microchannel plasmas
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were operated at 20 kHz frequency and 1060 VRMS, and an RF signal was
fed through the left SMA connector. The transmitted signal was observed
through the right SMA connector. Capacitors were included in this measure-
ment scheme to block the driving signal with a high voltage of 1060 VRMS
and a frequency of 20 kHz. One quarter-wave (λ/4) shorting stub decreased
the RF signal of 25 MHz by 20 dB. These two components were used to pro-
tect the oscilloscope. EMI filters were introduced to block RF tranmission
through the wires needed to drive the plasmas.
In this mesurement, the frequency of an RF test signal was chosen to be 25
MHz because of the limit in the matching network between the microchannel
device and the RF amplifier, and the frequency characteristics of the EMI
filter. In addition to taking the measurement of an RF transmission when
the plasma was on, measurements of RF transmission when plasma was off
and plasma noise were also performed to eliminate artifacts such as RF cou-
pling between the left and right metal pad. Figure 5.9 presents representative
output signals in the time domain, and RF transmission loss is obtained by
Transmission Loss|25MHz (5.15)
=20× log10(FFT Magnitude of RF Transmission
− FFT Magnitude of Plasma Noise - FFT Magnitude of RF Coupling)
− 20× log10(FFT Magnitude of Reference)
In this calculation, a fast Fourier transform (FFT) was carried out over a
time window of 0.996 µs and yielded transmission losses in the range of 56
to 63 dB. The FWHM of the discharge current was only 8.5 ns during the
time interval of 0.996 µs and the predicted transmission loss would be 15–25
dB under 100% duty cycle of discharge current. This transmission loss can
be converted to the conductivity of the microchannel plasmas from the basic
theory of microstrip antennas. The conductor loss, in general, is much more
significant than dielectric loss. The dielectric loss is ignored in the following
calculation and the plasma conductivity is given by
σplasmas =
[
8.686
αC ·W · Z0 ×
√
2
ω · µ0
]2
(5.16)
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Figure 5.9: RF coupling, plasma noise and transmitted RF signal in the
time domain.
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where αC is conductor loss of a microstrip line, Z0 is the characteristic
impedance of a microstrip line and µ0 is the permeability of free space.
The time-averaged conductivity of 35–60 S/m is obtained, and this leads to
the time-averaged electron density on the order of 1014 cm−3. The assessed
conductivity from transmission measurements supports the simulation re-
sults. Both simulations and experiments suggest that these microchannel
plasma devices have great potential as antennas.
5.4 Plasma Noise Measurements
For the application of plasmas as antennas, it is important to understand
their noise characteristics. It is encouraging that recent research on plasma
antennas showed that the noise level of surface wave driven plasma antennas
was only 4 dB higher than a receiver sensitivity of −116 dBm [74]. The noise
characteristics of microchannel plasmas are studied with the experimental
setup given in Figure 5.10. It is noted that arrays of microchannel plasmas
are operated by applying a 20 kHz sinusoid having 1150 VRMS to the metal
pad on the left in the figure. Two capacitors were introduced to block the
driving voltage from the metal pad on the left of the microchannel plasma
device. Then, the noise signals were measured at both SMA connectors of
RFOUT1 and RFOUT2 in the Figure 5.10. It is assumed that all the noise from
microchannel plasmas is coupled into the connector and it is measured at the
oscilloscope (Tektronix, TDS 5104B).
Figure 5.11 displays the magnitude of the FFT of the measured signal at
RFOUT1. The signal strength at 20 kHz is almost 110 dB in the magnitude of
the FFT and this is from the driving voltage. It is observed that much of the
noise lies at the freqeuncy region of less than 1 MHz and it is up to 25 dB in
the magnitude of FFT from the noise floor. It seems that the measured signal
at the node of RFOUT2 describes the noise of microchannel plasmas better.
The node of RFOUT1 is more exposed to the noise from plasma-driving parts
such as the function generator and the power amplifier. For example, the
noise from the power amplifier is known to be acoustic noise and its frequency
range includes the frequency components of the measured noise of RFOUT1.
The power spectrum of RFOUT2 is shown in Figure 5.12. Interestingly, this
spectrum shows radio frequencies for local public services and businesses
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Figure 5.10: Experimental setup to characterize the noise of microchannel
plasmas.
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in Urbana and Champaign. This is primarily because these measurements
were not performed in a shielded environment. This does, however, provide
evidence that this prototype of microplasma antennas functions as a receiving
antenna because the local FM bands show up only when the plasmas are on.
The highest signal strength is from WPGU and the signal is almost 40 dB
higher than the noise floor. WPGU is the student-run radio station at the
University of Illinois at Urbana-Champaign and its frequency is 107.1 MHz.
WPGU is just 1.4 miles from the testing area. The noise from microchannel
plasmas is also encouraging because the highest frequency of 20 MHz from
the noise observed at RFOUT2 is still better than that observed for plasma
columns [63]. All these results lead to the conclusion that microchannel
plasma devices have great potential as invisible antennas.
Figure 5.11: Magnitude of the FFT of the measured signal at RFOUT1.
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Figure 5.12: Magnitude of the FFT of the measured signal at RFOUT2.
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CHAPTER 6
CONCLUSIONS
This dissertation has explored the underlying physics in arrays of glass mi-
croplasmas, produced in cavities having the characteristic dimensions of 25–
800 µm, that is responsible for coupling a microplasma with its neighbors.
This work also demonstrated a proof of concept to use arrays of microchan-
nel plasmas as invisible antennas. There are several significant contributions
of this work to both plasma science and engineering. First of all, this work
demonstrated a novel glass micromaching using replica molding and microp-
owder blasting. By applying replica molding and micro-imprinting into a
mask fabrication, high-resolution of 25 µm, scalability up to several 10’s of
cm2 and low cost have been achieved. This new class of glass fabrication
techniques laid a foundation to extensively research and characterize glass
microcavity or microchannel plasmas having the characteristic dimensions of
25 µm–800 µm.
Arrays of microcavity and microchannel plasma devices with different ge-
ometries and electrode configurations are tested in this work. All the mi-
croplasmas confined in the spatial scale of 25–800 µm showed stable and
uniform operation for different gas mixtures and pressures. Intriguing phe-
nomena of optical and electrical coupling in arrays of microcavity and mi-
crochannel plasma devices have been observed and investigated. Each ele-
ment of the plasma arrays is physically separated, yet is optically and/or
electrically coupled to its neighbors. The spatial broadening and intensifica-
tion of the visible emission from linear plasma channels operating in Ne were
investigated. By varying the pitch for the array and operating frequency, it
was demonstrated that optogalvanic effects play a critical role for the optical
coupling.
An electrical modeling of arrays of micrcavity plasma devices with an 80
µm gap showed the transition from a Townsend-like to an abnormal glow
discharge. This investigation elucidated the underlying mechanism of the
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positive slope in V-I curves for arrays of microcavity plasma devices. Tem-
poral bistable oscillations of visible emissions were also observed during the
transition. It appears that each microcavity plasma is spatially coupled to
its neighbors during the oscillations, possibly by the time-varying distribu-
tion of charge deposited on the dielectric layer. Interestingly, the coupling of
bounded and free microdischarge was also reported. Space charge near a di-
electric layer and geometrical effects of microcavities seem to be responsible
for the interactions. Ongoing study is necessary to elucidate the underlying
mechanisms of the interesting phenomena of the plasma-plasma interaction.
Another objective of this dissertation was to explore the possibility of using
microchannel plasma devices as antennas. Both the simulation of electrical
conductivity and the experiments on RF transmissions through the plasma
channels suggest that microchannel plasmas can be substitutes for metal
patches of microstrip antennas. This work was limited in that the operating
frequency was 20 kHz and the duty cycle of the plasmas was less than 0.05
%. The setup designated for measuring the transient signal from the plasma,
however, successfully presented the performance of microchannel plasma de-
vices as receiving antennas. It is also proposed that research on microplasma
antennas focus on RF-driven microplasma devices for quasi-continuous op-
eration. This work is preliminary but significant in that it shows the great
potential of microplasma devices as invisible antennas.
In sum, microplasmas are scientifically intriguing subjects with enormous
potential for applications. The theoretical and experimental investigation
must be given to this emerging field to explain and utilize novel phenomena
which were not observed in macroplasmas. Of particular interest is to develop
invisible antennas using arrays of microplasmas. Future research will focus
on the development of microchannel plasma structures operating in the MHz
frequency domain. Several dimensions including the width of microchannels
and the pitch of arrays may be further optimized, and multi-layer structures
will be considered for novel applications.
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APPENDIX A
DERIVATION OF ABSORPTION
COEFFICIENT IN HOMOGENEOUS
PLASMAS
The absorption coefficient is derived from the wavevector and the complex
permittivity of plasmas, with the assumption that plasmas are homogeneous.
Homogeneous plasmas are assumed in order to reduce mathematical complex-
ity in this derivation. The complex permittivity of plasmas is given by
p =
(
1− f
2
p
f 20 + ν
2
m
)
− j ·
(
νm
f0
· f
2
p
f 20 + ν
2
m
)
(A.1)
where p is the relative dielectric constant of plasmas, fp is the plasma fre-
quency, f0 is the frequency of an oscillating electric field and νm is the collision
frequency for momentum transfer. The plasma frequency is a function of the
electron density and is given by
ωp = 2pifp =
√
n0e2
me0
≈ 9000√ne (A.2)
where me is the mass of an electron, 0 is the permittivity of free space, n0 is
the average density of electrons, e is charge on an electron and fp is expressed
in Hz.
The wavevector can be obtained from the complex permittivity by the
following expression:
k = ω0
√
0µ0
√
p = k0
√
p = kr − j · ki (A.3)
where k0 is the wavevector of free space, 0 is the permittivity of free space
and ν0 is the permeability of free space. kr and ki are the real part of kp and
the negative of the imaginary part of kp, respectively.
Note that ki must be positive to be physically acceptable because a positive
value for ki predicts the absorption of electromagnetic waves by plasmas
rather than gain.
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Let the p be r
1/2ejφ. Then, the ratios of kr/k0 and ki/k0 are given by
kr/k0 = r
1/4cos(φ/2) (A.4)
ki/k0 = −r1/4sin(φ/2) (A.5)
Integrating Equation A.4–A.5 with Equation A.1, the φ and r are given by
φ/2 = −tan−1
[
νm · f 2p
f0 ·
(
f 20 + ν
2
m − f 2p
)] , Re(p) > 0 (A.6)
r =
ν2m · f 40
f 20 (ν
2
m + f
2
0 )
2 +
(
1− f
2
p
ν2c + f
2
0
)2
=
ν2m · f 20 +
(
f 20 − f 2p
)2
f 20 (ν
2
m + f
2
0 )
(A.7)
Therefore, the absorption coeffcient is given by
ki = k0 ·
(
ν2m · f 20 +
(
f 20 − f 2p
)2
f 20 (ν
2
m + f
2
0 )
)1/4
×
sin
(
tan−1
[
νm · f 2p
f0 ·
(
f 20 + ν
2
m − f 2p
)]) , Re(p) > 0 . (A.8)
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APPENDIX B
REACTION MECHANISMS IN NEON
Electrical conductivity of microchannel plasmas has been predicted by finite-
element simulations in Chapter 4. The detailed physics was also described.
The reaction mechanisms included in the simulation are summarized in Table
B.1.
Table B.1: Reaction Mechanism in Neon
Reaction mechanism Rate coefficient, cm3–s−1 Reference
Reaction
Electron impact processes
e+Ne→ e+Nem 1 [75]
e+Ne→ e+Ne∗ 1 [75]
e+Ne→ e+Ne∗∗ 1 [75]
e+Nem → e+ e+Ne+ 1 [52]
e+Ne∗ → e+ e+Ne+ 1 [76]
e+Ne∗ → e+Ne∗∗ 1 [77]
e+Nem → e+Ne∗∗ 1 [77]
e+Ne+ → Ne∗∗ 4.0×10−13T−0.5e [5]
e+Ne+ +M → Ne∗∗ +M 1.0×10−38 [5]
e+Ne+2 → Nem +Ne 2.7×10−14T−0.5e [5]
e+Ne+2 → Ne∗ +Ne 1.0×10−14T−0.5e [5]
e+Ne+2 → Ne∗∗ +Ne 3.7×10−14T−0.5e [5]
Heavy particle collision
Nem +Ne→ Ne∗ +Ne 4.2×10−14 [5]
Ne∗ +Ne→ Nem +Ne 3.4×10−14 [5]
Nem +Nem → e+Ne+ +Ne 3.2×10−10 [5]
Nem +Ne∗ → e+Ne+ +Ne 3.2×10−10 [5]
Nem +Ne∗∗ → e+Ne+ +Ne 3.2×10−10 [5]
Continued on next page
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Table B.1 – Continued
Reaction mechanism Rate coefficient, cm3–s−1 References
Heavy particle collision
Ne∗ +Ne∗ → e+Ne+ +Ne 3.2×10−10 [5]
Ne∗ +Ne∗∗ → e+Ne+ +Ne 3.2×10−10 [5]
Ne∗∗ +Ne∗∗ → e+Ne+ +Ne 3.2×10−10 [5]
Nem +Ne+Ne→ Ne∗2 +Ne 4.1×10−34 [5]
Ne∗ +Ne+Ne→ Ne∗2 +Ne 4.1×10−34 [5]
Ne∗∗ +Ne+Ne→ Ne∗2 +Ne 4.1×10−34 [5]
Ne+ +Ne+Ne→ Ne+2 +Ne 4.4×10−32 [5]
Radiative transitions
Ne∗∗ → Nem + hν 1.84×107 [5]
Ne∗∗ → Ne∗ + hν 1.25×107 [5]
Ne∗ → Ne+ hν 6×106 [5]
Ne∗2 → Ne+ hν 3.6×108 [5]
aRate coefficients were determined by the cross section in the reference and
the electron mean energy etimated from the energy balance equation.
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